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The important thing is not to stop questioning.
Curiosity has its own reason for existing.
Albert Einstein
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Abstract

The present PhD thesis deals on the model, design and experimental demonstra-
tion of Arrayed Waveguide Grating (AWG) with advanced features. Firstly, build-
ing upon existing AWG formulations, design equations are provided, libraries de-
veloped and all this is experimentally validated with devices in Indium Phosphide
(InP) and Silicon-on-insulator (SOI) technologies. Next, a model and experimen-
tal validation is reported for an Interleave-Chirped Arrayed Waveguide Grating
(IC-AWG), which is able to process optical signals as WDM demultiplexer, polar-
ization splitter and phase diversity component all in a single device. This device
was fabricated and tested in InP technology. The second innovative AWG demon-
strated in this thesis, a Reflective type (R-AWG), whose layout allows for tailoring
the pass-band shape and to change the spectral resolution. A demonstration of
design and fabrication for this device is provided in SOI technology. The last AWG
with innovative concepts is one driven by Surface Acoustic Waves (AWG-SAW),
where the spectral channels can be tuned by means of acousto-optic effect. The
device was fabricated in Aluminium Gallium Arsenide (AlGaAs) technology, and
measurements are provided to validate the concept and design flow. In parallel
this thesis has resulted in the development of different AWG layouts for a wide
number of (generic) technologies and foundries, coded into design libraries, of use
in a de-facto standard software employed for the design of photonic integrated
circuits. These design libraries have been licensed to the UPV spin-off company
VLC Photonics S.L.






Resumen

La presente tesis se ha centrado en el modelado, disefio y demostracién experimen-
tal del dispositivo Arrayed Waveguide Grating (AWG) con funcionalidades avan-
zadas. Primero, usando la formulacién existente sobre AWGs se aportan ecuaciones
y librerias de disefio, y se validan experimentalmente por medio de dispositivos
fabricados en tecnologias de Indium Phosphide (InP) y Silicon-on-insulator (SOI).
Después, se reporta un modelo y demostracion experimental para un Interleave-
Chirped Arrayed Waveguide Grating (IC-AWG), el cual es capaz de procesar
sefiales 6pticas como demultiplexor WDM, divisor de polarizacién y componente
de diversidad de fase en un tnico dispositivo. Este dispositivo fue fabricado y
probado en tecnologia de InP. El segundo AWG innovador demostrado en esta
tesis es de tipo Reflectante (R-AWG), cuyo disefio permite modificar la forma es-
pectral del canal y cambiar su resolucién espectral, incluyendo una demostraciéon
de diseno y fabricacién de este dispositivo en tecnologia de SOI. El dltimo AWG
que incluye conceptos innovadores es uno sintonizable por Acoustic Waves (AWG-
SAW), donde los canales espectrales pueden ser sintonizados por medio del efecto
acusto-6ptico. Dicho dispositivo fue fabricado en tecnologia de Aluminium Galli-
um Arsenide (AlGaAs), y se han incluido medidas experimentales para validad el
concepto y el flujo de disefio. En paralelo junto con esta tesis se han desarrollado
diferentes disefios para el AWG en un amplio ntimero de tecnologias (genéricas) y
plataformas de fabricacién, implementadas en unas librerias de disefio para uno de
los softwares mas utilizados para el diseno de circuitos integrados épticos, siendo
actualmente el estandar de facto. Dichas librerias de disefio han sido licenciadas a
la compania VLC Photonics S.L., spin-off de la UPV.






Resum

La present tesi ha estat centrada en el modelatge, disseny i demostracié exper-
imental del dispositiu Arrayed Waveguide Grating (AWG) amb funcionalitats
avancades. Primer, usant la formulacié existent sobre AWGs s’aporten equa-
cions i llibreries de disseny, i es validen experimentalment per mitja de dispositius
fabricats en tecnologies de Indium Phosphide (InP) i Silicon-on-insulator (SOI).
Després, es reporta un model i demostracié experimental per a un Interleave-
Chirped Arrayed Waveguide Grating (IC-AWG), el qual és capag de processar
senyals optiques com demultiplexor WDM, divisor de polaritzacié i component de
diversitat de fase en un tnic dispositiu. Aquest dispositiu va ser fabricat i provat
en tecnologia de InP. El segon AWG innovador demostrat en aquesta tesi és de
tipus Reflector (R-AWG), amb un disseny que permet modificar la forma espectral
del canal i canviar la seua resolucié espectral, incloent una demostracié de disse-
ny i fabricacié d’aquest dispositiu en tecnologia de SOI. L’ultim AWG que inclou
conceptes innovadors és un sintonitzable per Acoustic Waves (AWG-SAW), on els
canals espectrals poden ser sintonitzats per mitja de ’efecte acusto-optic. Aquest
dispositiu va ser fabricat en tecnologia de Aluminium Gallium Arsenide (AlGaAs),
i s’han inclos mesures experimentals per validar el concepte i el flux de disseny.
En parallel juntament amb aquesta tesi s’han desenvolupat diferents dissenys per
al AWG en un ampli nombre de tecnologies (genériques) i plataformes de fabri-
cacié, implementades en unes llibreries de disseny per a un dels programaris més
utilitzats per al disseny de circuits integrats optics, sent actualment ’estandard
de facto. Aquestes llibreries de disseny han estat llicenciades a la companyia VL.C
Photonics S.L., spin-off de la UPV.
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Chapter 1
Introduction

The word photonics is derived from the Greek word @wtoc (photos), which means
light. In the broad sense of the word, photonics is the discipline dealing with the
applications of light over the whole spectrum, from ultraviolet, over visible through
the near, mid and far infrared (0.4-12 pm in wavelength). Photonics exploits the
properties of photons, and it addresses the generation, emission, transmission,
modulation, signal processing, switching, amplification and detection/sensing of
light to obtain a functionality, being the most typical applications those related
with communications.

Since the advent of the optical fiber in the 60s, replacing the traditional copper
wires due to the low transmission losses and high capacity, a lot of effort has
been put in the development of components and systems taking advantage of the
electromagnetic nature of light. For this reason, photonic integration is envised
as very promising since it allows combining multiple functionalities into a single
optical chip. Traditionally the development of devices in photonic integration
followed a vertical aggregation model from a single device manufacturer, where a
custom process is defined for producing a single particular device (i.e. a process for
a modulator, not suited to make a laser). However, following the evolution path of
the semiconductor industry in the United States, making the fabrication processes
generic allows vertical specialization through the value chain, by several specialized
partners at different stages of an optical system development. In photonics, the
seed for generic integration appeared in Europe by 2007 [1]. Subsequent technical
and organizational developments lead to the current generic foundry processes
and have been mainly driven by Europe since 2004, heavily subsidized by the
European Commission, followed by the US in 2010. Generic processes, which will
be explained in more detail in Section 1.1, are openly available to research on
Photonic Integrated Circuits (PICs) for multiple applications [2].

PICs enable myriad of applications, owing to small size and stability, com-
pared to the assembly of systems with discrete optical components [3]. These
applications are in general the manipulation of photonic and/or electronic signals
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by means of other photonic and/or electronic control signals. Furthermore, PICs
are of great importance in market and job opportunities as identified by several
reports, since they allow to bring miniaturized electronic+photonic equipment in
various markets like healthcare (endoscopes), safety (lightweight sensor readout
systems in airplanes, cars), communication (energy reduction and interconnects)
and personalized wearable equipment.

For all these applications, one of the most important functionalities when talk-
ing about optical devices is wavelength filtering. There are several well-known
devices in the literature to obtain such functionality, as for example the Mach-
Zehnder Interferometer (MZI) [4], the Ring Resonator [5], the Echelle Grating [6]
or the Arrayed Waveguide Grating (AWG) [7]. This thesis is focused on the latter
device, since it has been widely used since its invention at the end of the 90s. How-
ever, its versatility and the wide range of possibilities that it provides, make this
device perfect to exploit it in new and emerging applications as can be seen in the
high number of papers still published more than 25 years after its invention. Some
examples of applications using AWGs as key blocks are wavelength routing [§],
spectrometry [9,10], optical coherence tomography (OCT) systems [11] or Raman
spectroscopy systems [12].

1.1 Fabrication technologies

Multiple material technologies are available to fabricate photonic integrated cir-
cuits (PICs), each of them suitable for one or more applications, as for example
Lithium-Niobate [13], Silica [14], Indium Phosphide (InP) [15], Silicon Nitride
(SiNx) [16], Silicon-on-insulator (SOI) [17] or Silicon-Germanium [18].

The choice of a technology depends on many aspects. One of the most deter-
mining factors is the wavelength range of the application pursued. For example,
for telecom applications wavelengths are in the range of 900-1700 nm, where opti-
cal fibers exhibit moderate and low transmission losses. Conversely, for biological
sensing applications it is usual to work in the visible wavelength range (around
400-700 nm), where the light does not harm matter through their interaction. Fig-
ure 1.1 shows the most representative integration technologies and materials, and
their corresponding working wavelength range.

At the moment of writing this thesis, three different platforms have arised
as the most demanded by the users due to a trade-off between advantages and
cost, resulting in stable fabrication processes and also offering multi-project wafer
(MPW) runs.

Silicon-on-insulator technology is a high contrast technology, where the optical
field is strongly confined in the waveguide [19]. For this reason, the optical wave-
guides can be designed to have a narrow core and small bending radius, resulting
in very small structures. It is also compatible with electronics, since the fabrica-
tion processes and materials in SOI are approximately the same. As a drawbacks,
the high index contrast in the waveguides results in phase errors due to the side-
wall roughness and the strong confinement. Moreover, no active (i.e. electrically
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Figure 1.1: Comparison between materials and technologies in terms of wavelength and
different spectral bands. Abbreviations: UV ultraviolet, VIS visible, NIR
near-infrared, SWIR short-wavelength infrared, MWIR mid-wavelength in-
frared, Si/VO2 vanadium dioxide on silicon, SON silicon-on-nitride, SOI
silicon-on-insulator, InGaAsP indium gallium arsenide phosphide, InP in-
dium phosphide, LPCVD Si3N4 low pressure chemical vapor deposition sil-
icon nitride, GaAs gallium arsenide, AlGaAs aluminum gallium arsenide,
SOS silicon-on-sapphire.

pumped efficient light emitters) devices can be fabricated in Si materials, and the
use of modulators and photodetectors implies additional fabrication steps.

Indium Phosphide (InP) technology offers active devices as lasers, amplifiers or
photodetectors for the telecom band [20]. Because it is a medium index contrast
technology, the bending radius that can be obtained is around 20 times higher than
for SOI technology, which gives a vision about the lower integration density that
can be achieved with this technology. However, it is the only technology capable of
monolithic integration of optical amplification and passive photonic components.

Finally, Silicon Nitride (SiNx) technology can be used in a very wide wave-
length range (from 500 nm up to 3500 nm) [21,22]. This characteristic permits
its application not only in the communications bands, but also in the visible and
mid-infrared bands. For this reason, it is very interesting for fields like biosensing
or spectrometry. Moreover, this technology offers very low propagation losses. As
SOI technology, its main problem is the no possibility of integrate monolithically
active devices as lasers or amplifiers.

1.2 Generic integration technologies

Although photonic integration offers several advantages when comparing with elec-
tronics, the cost of the fabrication facilities are unaffordable for research entities
or small businesses. Hence, the access would be restricted to a very small part
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of the possible users. For this reason, generic integration platforms have been
shown as the solution for research and development, as they separate manufac-
turing from design. These platforms provide a low cost access to a small volume
production and offer a generic integration technology where the fabrication process
is standardized.

Generic integration technologies offer a fabrication process that is fixed and
standardized, thus offering reproducibility in a process that can be used for many
designs and applications. Generic fabrication platforms also offer a set of prede-
fined components (building blocks, BBs) that have been fabricated and tested pre-
viously in the platform, and which information is provided to the users by means of
statistical information collected through the course of runs along time. Besides the
fundamental straight and bent waveguides, generic integration platforms usually
provide with more complex BBs as for example multi-mode interference (MMI)
couplers or modulators. The group of BBs offered by each platform together with
the information about the fabrication process and the design rules for designers
forms what is called Process Design Kit (PDK). With this PDK, one user can
obtain high functionalities interconnecting the different BBs without taking care
of all the physics underlying each component.

To reduce the cost, the access to these platforms is usually through multi-
project wafer (MPW) runs, where the cost of the total fabrication process is shared
between all the users in a wafer. To illustrate the concept of a MPW run, Fig. 1.2
shows one wafer map planned following this concept. The wafer is divided in 9
(identical) dies, called CX where X is a number, and 4 test dies (called TX). Then,
each different die is divided into sub-dies, obtaining two different sizes: MX and
LX. Finally, each user can access to one or more of these sub-dies, obtaining 9
copies of their design.

At the moment of writing this thesis, five different brokers offer access to MPW
runs in the three main technologies: europractice-1C [23], IME [24], JePPIX [25],
VLC Photonics [26] and VTT [27]. A summary of the current different platforms
offering MPW runs and the different building blocks available is shown in Fig. 1.3.
However, the eco-system has been and is rapidly evolving, so new brokers and
MPW fabs are expected in the coming years.

On the other hand, in a dedicated run one or more designs from one user
are replicated over the full wafer(s). Then, the cost of the fabrication process is
assumed by the (single) user, making it unaffordable for prototyping or research.
However, this type of access to the platforms results in an elevated number of dies
with the same design, which is desired for volume manufacturing.

1.3 Generic design libraries

The aforementioned set of BBs offered by each platform is usually very similar in
functionality. However, even for the same technology material, devices with the
same functionality will be different between fabrication platforms, as the fabrica-
tion process is different for each of them. Owing to this reason, it is very important
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Figure 1.2: Schematic of a MPW run. Different fabrication dies are named CX and test
dies with TX. The inset in the right upper part shows how the different
dies are divided into sub-dies, obtaining two different sizes (MX and LX).
The inset in the right bottom part shows one of the fabricated wafers.

to have a set of BBs that can be used for the different generic fabrication platforms,
and these BBs will be adapted taking into account the technology and platform
where they will be designed and fabricated, resulting in logic blocks (LBs).

Moreover, building blocks for high level functionalities are not usually available
in the PDK, and it is the task of the designer to develope the required design
libraries. In any case, the designer does not necessarily have to start from scratch
when designing new BBs or LBs, because hierarchical methods can be used to
generate design libraries for advance functionalities using the available BBs. As
an example, a basic 2x2 MMI which consists of a rectangular body, and 4 access
waveguides, can be seen as 5 straight waveguides of different widths. Therefore, by
properly combining different instances of fundamental BBs (waveguides of different
widths in this case) a new BB can be defined (the MMI) in a hierarchical way. This
new BB in turn, can be part of a more complex BB, such as a MZI, combining two
MDMIs and several straight and bent waveguides, resulting into a new BB composed
once more by aggregation of some other.

For a PIC designer, to have a set of different BBs for different technologies
is desired, including high level functionalities as for example filtering. For this
reason, one of the purposes of this thesis will be to develop and test the AWG
design libraries for every technology/platform.
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1.4 Objectives

This thesis has three fundamental objectives:

1. To develop the theory describing the operation and the procedure to design
AWG-based devices with different functionalities and layouts:

1.1. Interleave-chirped AWG (IC-AWG).
1.2. Reflective AWG (R-AWG).
1.3. AWG driven by surface acoustic waves (AWG-SAW).

2. To develop:

2.1. the libraries required to design the aforementioned devices.

2.2. the design procedures and layout routines for the main MPW integra-
tion technologies.

3. To fabricate and demonstrate experimentally the devices as a mean to vali-
date the developed theory and check the design libraries.

1.5 Thesis outline

This thesis is structured in the following chapters:

e Chapter 2 provides the framework and the theoretical model for regular
AWGs demonstrated in this thesis. This theoretical model will be the base
for the development of the design libraries, which can be used in multi-
ple technologies. Examples of AWGs designed and fabricated using these
libraries in two of the most important technologies (InP and SOI) are pro-
vided.

e Chapter 3 includes the fundamental theory describing the Interleave-Chirped
AWG (IC-AWG) building upon the previous chapter. The IC-AWG device
can be found in the literature acting as a BB in coherent receivers, but
no theory explaining its functionality or design rules providing the required
equations for its development were published before this thesis. In this chap-
ter an example of design and fabrication for InP technology is also reported
as validation of the theory, design rules and libraries.

e Chapter 4 discusses the Reflective AWG (R-AWG). This particular AWG
configuration is usually employed to reduce the footprint of the device, ob-
taining a more compact device. For this purpose, the AWG is cut in two
halves and a reflector is used to terminate each arrayed waveguide indepen-
dently. However in this thesis we explore novel aspects such as the modifi-
cation of the output pass-band shape. Using a combination of Sagnac loops
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and Mach-Zehnder Interferometers as reflectors, it is possible to introduce a
phase shift and tune the reflected amplitude. The adapted theory including
in each arm a phase shifter and a tunable coupler is provided in this chapter.
As validation, R-AWGs in SOI technology using reflectors were designed and
experimentally demonstrated.

Chapter 5 provides a new configuration using an AWG driven by surface
acoustic waves (AWG-SAW). This device was fabricated in AlGaAs technol-
ogy and enables to tune dynamically the output channels in the different
output waveguides.

Finally, in Chapter 6 the conclusions and considerations for future work
are presented.



Chapter 2
Arrayed waveguide grating (AWG)

The general objective of this chapter is to demonstrate the regular Arrayed Waveg-
uide Grating (AWG) in different manufacturing technologies. The supporting the-
ory, design procedure and layout are reported. The chapter is structured as follows.
The background and motivation are provided in Section 2.1. Next, the operation
of the AWG is summarized in Section 2.2.

In this chapter, AWGs were fabricated in InP and SOI, and are reported in
Sections 2.3 and 2.4. The design and experimental outcomes from these activities
in these two most widespread integration technologies are incorporated into an
AWG design library. This library of regular AWGs will be the basis upon which
the advanced AWG devices of next chapters will be built.

Finally, the chapter conclusions are presented in Section 2.5.

2.1 Background and motivation

Wavelength multi/demultiplexers are key components in optical communication
networks. During the last two decades, they have been subject of intense research,
since they are central devices for wavelength-division multiplexing (WDM) sys-
tems [28]. The deployment of WDM systems, requires large number of compo-
nents, subject to very demanding specifications, among them reproducibility and
stable operation. Naturally, most of these components are built using photonic
integration.

Among the different multi/demultiplexer implementations, the Arrayed Waveg-
uide Grating (AWG) is one accomplishing all these requirements [7,29]. This is a
very well known mux/demux integrated optics device, which can be manufactured
in almost all the relevant material platforms as Silica [30], InP [31], SOI [32] or
SiNx [16].

The AWG is composed of several sets of waveguides and couplers [7,33]. In
the most common shape, the couplers are slab couplers, also termed as free prop-
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Arrayed Waveguides

Input Spectrum Input Waveguides Output Waveguides

Figure 2.1: Schematic for the regular AWG, where different wavelengths are represented
by different colors. FPR stands for free propagation region.

agation regions, and they are connected by a group of waveguides called arrayed
waveguides. The light fed into the first coupler reaches the set of arrayed wavegui-
des. The length of consecutive waveguides in the array is set in such a way that
the light is guided and fed to the second coupler having a phase shift that depends
linearly on the optical frequency. Hence, the combined effect of this frequency
linear phase shift, and the second coupler, is the spatial separation of the different
optical frequencies (or wavelengths) at the end of the coupler [7,34].

Although the AWG is a very well-known device for wavelength multi/demul-
tiplexing operation [7], new applications are emerging more than 25 years after
its invention. For example, it has been used as a wavelength router [8] obtaining
that with a NxN, AWG one wavelength can be routed from any input port to
any output port. One of the most important applications is spectrometry, where
it can provide high spectral resolution and compactness [9,10]. Thus, it has been
used as the key part for optical coherence tomography (OCT) systems [11] and
Raman spectroscopy systems [12]. On the other hand, it is possible to apply dif-
ferent phase shifts in the arrayed waveguides to obtain new functionalities, as for
example the use as coherent receiver [15].

Due to its versatility not only as a multi/demultiplexer device, but also as
central element in other applications, the AWG has been chosen to be studied in
this thesis and included as the first step to develop more complex functionalities.

2.2 AWG operation description

In this section, the Arrayed Waveguide Grating (AWG) operation will be described
briefly for completeness, using Fig. 2.1 as a reference, where the schematic for the
AWG in its most simple form has been represented. The AWG is composed by a
group of input waveguides used to introduce the light into the device.
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Consider first the field in an input waveguide, placed at the center input side
of the slab coupler. The field in this waveguide can be approximated by a power
normalized Gaussian function [34]:

b (20) = ¢ 25 (2) (2.1)

TW;

with w; is the mode field radius and xg the spatial coordinate at the input plane.
When the field from this waveguide arrives to the first slab coupler (FPR;), it is
no longer confined and it will be radiated to the side where the AWs are placed.
The diffracted light spatial distribution can be obtained using the spatial Fourier
transform of the input profile, using the paraxial approximation [35]:

B (1) = F b (o)} yn = {2y () 22)

being u the spatial frequency domain variable of the Fourier transform, x; is the
spatial coordinate at the AWs plane and « is the equivalent to the wavelength
focal length product in Fourier optics propagation. This « will be expressed as
o = cLy¢/(ngv), with Ly being the slab length, n, the effective index of the slab
coupler mode, v the frequency and c the speed of light in vacuum.

The model makes use of the analytical approximation of Eq. (2.1) for the
waveguide mode. However, in the numerical implementation of the model, any
field may be employed, as for instance the results from a mode solver. Moreover,
it can be used for any polarization since only the field profile and the effective
index will be required to simulate the total response.

Then, the field distribution calculated as the summation of the field coupled
in each one of the N AWs placed at the x1 plane will be [34]:

fi (@) = {/2mw? [H (;;) B; (1) io §(xy —rdy)| @by (21)  (2.3)

T=—00

where r is the AW number, d,, is the spacing, wy is the mode field radius, b, (z) is
the field profile of the AWs, ® the convolution and [] (z1/Nd,,) being a truncation
function.

Then, the length of the waveguide number r will be given by [, = [y +
Al (r+ N/2), where [y is the base length of the shortest waveguide in the ar-
ray. As is previously discussed, the incremental length between AWs will be set to
an integer multiple m of times 27 when using the central wavelength )\, resulting
in Al = mAg/n. where n,. is the effective index from the AWs. Thus, the phase
shift due to the waveguide will be A¢, = Bl = 2wn.vl,./c, where 3 is the prop-
agation constant of the mode in the waveguide. The field from the AWs at the
plane x4, that is the beginning of the second slab coupler (FPRz) will be:
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fa (w2,v) = {/27w?2 [H <N$c2l ) B; (x2) ¢ (z2,v Z 6 (z2 —rdy) | ® by (2)

) (2.4)
where the phase term ¢ (z2,v) is given by:
6 (w2,v) = (v) T (2.5)
. nelg | m
b () = e (22 (2.6)

Finally, to obtain the field at the plane z3 the spatial Fourier transform will be
used to the field coming from each AW. This result into:

fa (3, v) = {/21w2B, (3) [sinc (Ndw%) ®b; (x3) @ ® (z3,v) @ A, (xg)}
(2.7)
with,

B (23) = F {6 (22,0)}| s = (u)5<x3+di";‘ou> (2.8)

Ay (23) = F {8 (22 = 1du)}]mza = Z 5 <x3 - 7"—) (2.9)

which after some manipulation results in:
4 w§ = «a «
fs (s, v) = \| 205 By (23) ¥ (v) T;OO Jar (@3 —r o=+ mo- (2.10)
with,
far (x3) = sine (Ndwﬁ) ® b; (x3) (2.11)
e

The argument of fs in Eq. (2.10) shows that the field at the output of the second
FPR has its focusing point positions determined by the grating order m. Position
x3 and wavelength A = ¢/v are related through the frequency spatial dispersion
parameter (FSDP) given by:

cMd, vod,,
= = 2.12
i n.Al'a am ( )
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2.2.1 Field at the output waveguides

At the output waveguides, the field can be obtained through the following overlap
integral:

+oo
to.q (v) =/ f3 (x3,v) bo (3 — qdo) O3 (2.13)

where by is the fundamental mode profile at the output waveguide (OW), ¢ is the
OW number and dy is the OW spacing.

2.2.2 Arbitrary IW position

All this formulation can be easily extended to the case with more than one input
waveguide (IW), not only for the case with one input placed at the central position
of the first FPR. The field at the IW can be expressed then as

2 _(=o—pd;\?
biyp (xo): 4 € ( g ) :b’i,p ($0—pdi) (2.14)

where p is the IW number and d; is the IW spacing. At the output plane the field
will be

2 —+00
o (wa,v) = /2028, (w) 0 () Y fur ( i md

+pdi> (2.15)

rT=—00

and the field in the output waveguides is

+oo

tpq (V) = / fs.p (3,1) bo (23 — qdo) O3 (2.16)
— 00

As a summary, if one or more wavelengths are introduced using one input waveg-

uide, these different wavelengths will be separated to different output waveguides,

obtaining a multi/demultiplexer functionality. A thorough development of this

model can be found in [36].

2.3 Indium Phosphide AWGs

2.3.1 Overview

The AWGs in this section were designed for and fabbed in the Indium Phos-
phide technology of the Fraunhofer Heinrich Hertz Institute in Berlin, Germany.
The fabrication of the devices was done using standard 3-inch semi-insulating InP
wafers with a thickness of 600 pym. Then, three different dry-etching processes
were used to generate the three different cross-sections available (Fig. 2.2): E200,
E600 and E1700, with etchings of 0.2, 0.6 and 1.7 um, respectively [37].
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Figure 2.2: Available cross-sections in the HHI platform.

Although the less etching level (E200) implies lower propagation losses, the
bending radius has to be very large (>1500 pm) to reduce the losses due to the
low confinement in the waveguide. For this reason, all the waveguide routing along
the chip was done using the cross-section E1700, where the radius can be smaller
(>100 pm for polarization independence).

The generic integration platform at HHI also offers different building blocks in
the MPW runs, as for example passive devices: straight waveguides, MMI cou-
plers, directional couplers, polarization splitters or Spot Size Converters (SSCs). It
also provides with active elements, such as Distributed Feedback (DFB) lasers, Dis-
tributed Bragg Reflector (DBR) lasers, Semiconductor Optical Amplifiers (SOAs),
tunable gratings, photodiodes or modulators.

2.3.2 Design, fabrication and characterization

Two chips containing AWGs with different parameters were designed and fabri-
cated. The first chip contained regular AWGs, with different channel spacing. The
second chip incorporated MMIs at the input of the AWG, designed to broaden the
channel spectral response [38].

Regular AWGs chip

The two devices in this chip were designed to include deep and shallow waveguides
in the arms (double-etched design [39]). They correspond to the E200 and E1700
cross-sections shown in Fig 2.2. Doubled-etched AWG layouts employ shallowly
etched waveguides to interface the slab couplers, and deeply etched waveguides to
connect one slab coupler to the other. The former allows for reducing the insertion
losses, while the latter allows for sharper bends and smaller footprint [39]. A
width of 2 um was employed both for the shallow and deeply etched waveguides,
to ensure only the propagation of the fundamental mode. The bends in the array,
performed with deeply etched waveguides, had a radius of 250 ym. The reason of
using this large bend radius is to reduce the losses and avoid possible polarization
rotation [40]. The latter phenomena will be explained in more detail in Chapter 3.
For both AWGs, the selected central wavelength was 1.55 um, the gap between
arrayed waveguides was 1.2 pm, the number of input/output waveguides was 5,
and the focal length Ly was 329.8 um. For the AWG with a channel spacing of
100 GHz, the free spectral range was 8 nm, the grating order m was 174 and
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Figure 2.3: AWG regular design for the HHI MPW run: (a) mask layout and (b)
microscope picture from the fabricated devices.

the incremental length AL was 84.43 pm, while for the 200 GHz channel spacing
AWG were 16 nm, 87 and 42.22 um, respectively. The design layout is shown in
Fig. 2.3-(a), alongside several test structures such as straight waveguides, MMIs
and MZIs. A microscope picture of the fabricated devices is shown in Fig. 2.3-(b).

The measurements of the transmission spectra for both devices are provided
in Figs. 2.4-(a) and (b), for the 100 GHz and 200 GHz AWGs, respectively. These
measurements were performed using a broadband source (C&L Band ASE source,
NP Photonics) and input/output polarizers to set at the input, and select at the
output, the polarization. To record the spectrum, an optical spectrum analyzer
(OSA YOKOGAWA AQ6370C) with 10 pm resolution was used. All the trans-
mission spectra were normalized to the transmission spectrum recorded through a
(test) straight waveguide. The chip was placed then on top of a copper submount
whose temperature is kept to a reference of 25°C using a Thermoelectric cooler
(TEC)!.

For the 100 GHz AWG, the insertion losses are approximately 5 dB. The central
wavelength is 1554.77 nm for TE polarization and 1553.97 nm for TM polarization,
and the channel spacing is around 0.8 nm. Adjacent cross-talk between channels
(following the typical adjacent cross-talk definition in a 3 dB clear window, see
Appendix D for more information) is 16.11 dB and the noise floor around 20 dB
below the channel peak maximum. The FSR is 8.1 nm. From simulations, the
effective indices for each polarization at the central wavelength (Ao, rr = 1.55 pum)
are Nefrre = 3.194 and nerprar = 3.191 for TE and TM polarizations, respec-
tively. Thus, the calculated central wavelength for TM polarization should be

IThermoelectric coolers (TEC) are commonly used in optical systems, since the optical com-
ponent/system behavior is temperature-dependent. The basic temperature feedback control
system requires an active heating/cooling element, a temperature sensor and a TEC controller.
The active heating/cooling element, known as a Peltier, is an electrical element that will heat or
cool depending on the current flow injected. On the other hand, temperature sensors are typi-
cally thermistors, where the measured resistance is related with the temperature. Both elements
are actively controlled by a TEC controller, which constantly reads the temperature from the
thermistor and drives the Peltier to obtain the desired temperature on the chip.
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Figure 2.4: Measurements for TE polarization from the regular AWGs fabricated in
the HHI MPW: (a) 100 GHz and (b) 200 GHz channel spacing.

Xo,rm = 1.5485 pm, obtaining a difference of approximately 1.5 nm. However,
measurements show a difference of approximately one channel (0.8 nm). The big
difference between simulations and measurements is due to the calculation of the
effective index in the waveguide, which is not always as accurate as necessary.
Even when the trend in the effective index calculation in terms of wavelength (i.e.
group index, ny) is usually correctly calculated as channel spacing and free spec-
tral range fit with the design values, the deviation in the effective index makes
necessary to perform different iterations in the simulation and fabrication steps
to polish the obtained results. This is specially important when designing devices
where the calculated effective index has to be very accurate, as for example in the
case of polarization-independent AWGs [41].

For the 200 GHz AWG, the central wavelengths are 1553.66 nm and 1552.87 nm
for TE and TM polarizations, respectively. The losses per channel are around 4 dB.
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Figure 2.5: OFDR measurements for the regular AWGs in the HHI platform: phase in

the different AWs from one input to the five different output waveguides
for the (a) 100 GHz and (b) 200 GHz; (¢) power and (d) phase error in the
AWs for the 100 GHz AWG and (e) power and (f) phase error in the AWs
for the 200 GHz AWG.
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— T

(a) (b) (©)

Figure 2.6: AWG flat-top design for the HHI MPW run: (a) mask layout, (b) micro-
scope picture from the fabricated devices, and (c) detail of the MMIs at
the input side of the slab coupler.

~

The separation between channels is 1.6 nm and the FSR is 16.46 nm. Cross-talk
between channels is around 16.8 dB and the noise floor around 30 dB below the
channel peak maximum.

The information retrieved by means of power transmission spectra measure-
ments does not provide insight on the internal structure of the AWG response.
Therefore, other interferometric techniques can be employed to extract the ac-
tual impulse response (amplitude and phase) of the device, such as low coherence
interference [42] and optical frequency-domain reflectometry (OFDR) [43]. For
our AWGs, we employed OFDR due to the requirement of mechanical translation
stages in low coherence interference, as translation stages are usually more difficult
to control and require long measurement times. On the other hand, the OFDR
technique is also based on interferometry between the different arrayed wavegui-
des, but using tunable lasers to obtain the different interferometric measurements.
More information about the technique and the setup used to measure the devices
can be found in Appendix E.

The OFDR technique was used to measure the internal structure of the AWG,
that is, the amplitude and phase for each of the waveguides in the array. For
these particular devices, the measurements were performed from the center input
to the output waveguides. The design and layout of these regular AWGs result
in a Gaussian field amplitude distribution in the array (see Eq. (2.4)) for every
combination of input/output waveguides. For the phase, in this particular case
from center input and center output, all the waveguides in the array are set by
design to have the same phase (the relative phase is 27 as in Section 2.2). For
the center input waveguides, and any other output waveguides, a linear phase
distribution is expected in the array (see Eq. (2.5)).

Results from the OFDR measurements are presented in Fig. 2.5. Panels (a)
and (b) show the phase measurement from the central input waveguide to the
five different output waveguides (red line). Different arrayed waveguide positions
determined by its temporal response are also included as blue circles. From these
measurements, it is clear that the phase shift introduced between consecutive
arrayed waveguides follows a linear trend, as is explained in Section 2.2. Panels (c)
and (e) show the power in the arrayed waveguides when the central input and
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Figure 2.7: Simulations for the design of the flat-top AWG: (a) field at the end of the
MMI, (b) field at the end of the first slab coupler, (c) coupled field at the
arrayed waveguides, and (d) field at the output plane.

central output waveguides are used for the 100 GHz and the 200 GHz AWGs,
respectively. As can be seen, the envelope is approximately a Gaussian function as
is discussed in the previous section. The far-field Gaussian envelope obtained from
simulations has been added to the figures (yellow line) for comparison, obtaining a
good agreement between simulations and measurements. Panels (d) and (f) show
the phase errors in each one of the five output waveguides using the central input
waveguide to illuminate the AWG. Here, the phase errors are estimated to be less
than 0.6 radians for the case of the 100 GHz AWG and less than 0.2 radians for the
200 GHz AWG. These results agree with the measured spectrums in Figs. 2.4-(a)
and (b), where for the 200 GHz AWG the noise level is more than 5 dB lower than
for the 100 GHz AWG, where the phase errors are higher.
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Flat-top AWG

For this platform, one flat-top AWG using multi-mode interference couplers (MMIs)
as input waveguides was also fabricated. The detailed description of flat top AWG
designs is well documented in the literature [38,44]. The design was done using
a single waveguide cross-section in the array (single-etched), E1700 in the present
technology (see Fig. 2.2), with a waveguide width of 2 um and bend radius of
250 pm, analog to the regular AWGs described previously. The design parameters
were: 5 input/output waveguides, central wavelength A\g = 1597.615 nm, channel
spacing AM., = 5.1 nm and FSR 24 nm. Typically, AWGs are designed to have a
FSR that is at least the number of channels times the separation between channels
(cyclic AWG), or higher. However, the flat-top AWG designed in this section has
a FSR lower than this number. This is then a special design case where the outer
channels will be slightly overlapped between them.

The device layout and microscope picture are shown in Fig. 2.6-(a) and (b)
respectively. In the same figure, panel (¢) shows an enlarged view of the layout,
at the input side of the device, where regular straight waveguides (width 2 pm)
and MMIs are interleaved. The MMI dimensions are 7.0 um width per 71.923 pm
length in the E1700 cross-section, to transform the Gaussian-like mode shape from
the input waveguide to a camel-like mode shape at the end of the MMI. This, as
developed and detailed in [38,44], results ideally into a flattened pass band shape
for the AWG.

The AWG was simulated using the MMI as input waveguide, and the results
are presented in Fig. 2.7. Panel (a) shows the field at the end of the MMI (i.e.
at the beginning of the first slab coupler). In a typical monomode waveguide, the
field shape is Gaussian, and then the transfer function (i.e. the channel pass-band
shape) of the AWG will have a Gaussian shape (see Eq. (2.2) in Section 2.2).
When a properly designed MMI is used as input to the AWG, the field is no
longer Gaussian. Instead, it can be approximated by two shifted and overlapped
Gaussians (at a distance of Az, = W,,,/2, being W,,, the width of the MMI) [38].
Then, panels (b) and (c) show the expanded field at the end of the slab coupler
(as per Eq. (2.4)), and its sampled version corresponding to the array (Eq. (2.7)),
respectively. Provided the array is properly designed, so it does not severely
truncate the far field from the input waveguide, the AWG is a one to one imaging
device. Therefore the camel-like input field will be imaged to the output, as
is shown in panel (d). Its overlap with the Gaussian field of a regular output
waveguide will result in a flattened pass band response.

The measurement setup and procedure employed was the same than for the
regular AWGs in the previous section. In this case, measurements were performed
injecting light either in the MMI equipped inputs, or in the regular waveguide
inputs.

When using the MMI input, a flat-top response was obtained at the output
channels, as is shown in Fig. 2.8-(a). In these measurements, the central wave-
length Ag is approximately 1555.38 nm for TE polarization and 1554.37 nm for
TM polarization. The losses per channel are between 4 and 10 dB for both po-
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larizations. This big asymmetry between losses is attributed to the big separation
between the output waveguides, that will cause higher losses to the outer wavegui-
des due to the focusing aberrations. From measurements, the separation between
channels is 4.96 nm for both polarizations and the FSR 23.21 nm for both polar-
izations. The 1 dB, 3 dB and 20 dB channel widths are around 2.87, 3.74 and
8.81 nm, respectively. In this case, no side-lobes are present in the response of the
AWG, and then the cross-talk will be measured referred to the noise-floor level,
being approximately 28.7 dB.

For the case where a regular waveguide is used, the typical Gaussian spectrum
is expected at the output waveguides. Figure 2.8-(b) shows the measurements
when only TE polarization is used. The central wavelength is 1550.15 nm. The
losses per channel are 3.7 for the best case and 6.7 dB for the worst case. The
separation between channels remains the same (around 5 nm) and also the FSR
(23.21 nm). The measured cross-talk is 29.33 dB, and the 1 dB, 3 dB and 20 dB
channel widths are 1.24, 2.45 and 5.10 nm, respectively.

Figure 2.8-(c) shows a comparison between the central channel for the flat-top
and Gaussian responses, centered to the same wavelength. This figure illustrates
the difference between a channel using the MMI as input waveguide, where the
1 dB and 3 dB channel widths are clearly higher than in the case when a regular
straight waveguide is used at the input.

Finally, the OFDR technique was used to measure the amplitude and phase
in the AWs for the flat-top AWG. Figure 2.9 shows the measurements when the
central input waveguide with MMI is used. Then, panel (a) shows the power dis-
tribution for the AWs. As has been commented before, the input field is no longer
Gaussian and the field in the AWs will follow a sinc-like distribution. These results
correspond for the main lobe very well with the simulations shown in Figs. 2.7-(b)
and (c), plotted in the figure in yellow color. For the secondary lobes, results and
simulations does not totally fit, and this can be attributed to the lack of dynamic
range for the OFDR measurements in the lateral AWs. Please note that simula-
tion results (yellow line) has been plotted in terms of power, while in Fig. 2.7 the
results are presented in amplitude units. In panel (b), the phase errors measured
as the difference in phase between consecutive waveguides are shown. From mea-
surements, phase errors are lower than 0.6 radians, which agrees with previous
measurements of regular AWGs in the same technology.

2.4 Silicon on Insulator AWGs

2.4.1 Overview

Amongst the different integration technologies, the smallest footprint devices are
usually attained in Silicon on Insulator (SOI), due to its high index contrast, that
allows bend radius down to 5 pym. For this reason, this technology is appropriated
to fabricate AWGs since the total size of the device can be dramatically reduced.
The fabrication of the devices in this section was performed in SOI by AMO GmbH
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Figure 2.9: OFDR measurements for the flat-top AWGs in the HHI platform: (a) power
and (b) phase in the AWs.

in Germany, using Electron Beam Lithography (EBL) and dry etching in a two-
step process. First, using a negative resist in combination with a high contrast
development process, all the waveguides were defined and fully etched to the buried
oxide using a reactive-ion etching (RIE) process. Then, a positive resist mask was
aligned to the waveguides defined in the first step, and it was used to define the
shallow etched parts using a dry etching process. For both processes a multi-pass
exposure approach was used to reduce the sidewall roughness and hence minimizing
scattering losses and phase errors. Special care was taken to guarantee accurate
critical dimensions of all parts of the device applying a very accurate proximity
effect correction [45]. Although these devices were fabricated using EBL, there are
multiple examples of AWGs [46] and other devices [47] fabricated using 193 nm
and 248 nm UV-lithography in SOI.

Two different waveguide cross-sections (deeply and shallowly etched) were em-
ployed in the fabrication of these AWGs. A schematic for both is shown in
Fig. 2.10, where the waveguides are composed of a 220-nm-thick Si guiding layer
on a Si0Os substrate with no cladding. These are commonplace in SOI photon-
ics [23,24].

2.4.2 Design and simulation

The libraries developed in this chapter were then used to design, simulate and
perform the layout of the AWG, similar to previously validated models [48,49].
The input/output waveguides were designed to use a 2.0 um width shallowly etched
cross-section. For the AWs, 0.8 ym width deep waveguides were used to minimize
phase errors [47]. The effective index for these cross-section n. was 2.67 for TE
polarization and a central wavelength Ao = 1.55 pum, obtained from simulations
using a commercial software [50]. Then, straight sections of the AWs were tapered
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Figure 2.10: Waveguide cross-sections employed in the design and fabrication of the
SOI AWGs.

down to 0.45 pum width in the bent sections, where a radius of 5 pum was used.
Finally, an effective index ng of 2.83 was obtained in the slab coupler also for TE
polarization. The SOI chips designed employed grating couplers to insert/collect
light into/from the chip. The grating coupler designs were for TE polarization,
hence the AWG designs were for TE as well [51,52]. 2D grating couplers have
been reported as well in the literature [53], however both fiber polarizations are
coupled to TE polarization in the chip plane.

The typical layout employed in SOI is the orthogonal layout (see Appendix B).
This layout is very simple from a design point of view, since the bend radius is
the same for all array arms [54]. Then, it is appropriate for technologies where the
bend radius is very small, as is the case of SOI technology, since the size of the
final layout will be small compared with other layouts.

For the design of the AWG, the design libraries introduced in Section 1.3 were
developed for SOI technology and the orthogonal layout. These libraries enable to
design AWGs from the high level parameters (i.e. channel spacing, FSR, number
of channels...) and the obtained physical parameters are exported for simulation.

As AWG parameters, the number of channels was 7, the channel spacing was
set to 1.6 nm (200 GHz) and the FSR was chosen to be 22.4 nm. With these
parameters, the calculated focal length was 187.31 um, the incremental length
between AWs was 27.31 um and the number of AWs was 49. The seven input/out-
put waveguides were placed symmetrically around the center of the slab, with the
fourth waveguide placed exactly in the center. Their positions were set according
to the angular dispersion of the AWG and the angular positions given in [7]. De-
spite optimization procedures to minimize optical aberrations exist [55], they were
not implemented in our devices.

For the AWG simulations, it is desired to be as accurate as possible. For this
purpose, the AWG design libraries export all the physical parameters (waveguide
length, bending radius, effective index for each wavelength...) and the simulation
routines use the exported data. This method of simulation ensures that what is
drawn in the mask layout is what is simulated, reducing the possibility of design
errors. More information regarding the design libraries and simulation routines
can be found in Appendix C. The SOI AWGs designed have been simulated using
this procedure, obtaining the results in Fig. 2.11. From simulations, the insertion
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Figure 2.11: Orthogonal AWG transmission response simulation from the central input
waveguide to the output waveguides.

losses are approximately 1 dB for the central channel and less than 1.5 dB for the
outer channels. Note that this simulation shows the ideal response of the AWG,
since propagation losses and other detrimental effects as fabrication imperfections
were not included. As comparison, the typical insertion losses per channel of a
regular SOI AWG are around 4-5 dB. From the simulation the 1-dB, 3-dB and
20-dB bandwidths are 0.39 nm, 0.65 nm and 1.58 nm, respectively.

2.4.3 Device fabrication and characterization

Following the analytical model presented in Section 2.2, an AWG with the afore-
mentioned parameters was fabricated on the SOI substrate presented before. A
microscope image of the fabricated device can be seen in Fig. 2.12-(a), and an
enlarged view is presented in Figs. 2.12-(b) and (c¢). From the mask layout, the
footprint for the orthogonal AWG is approximately 400x 800 pym? (widthxheight).
Several structures are on the chip area: test structures, regular AWGs (presented
in this section) and reflective AWGs (presented in Chapter 4).

For the experiments, the chip was placed then on top of a copper submount
whose temperature is kept to a reference of 25°C using a TEC. A broadband
optical source (C&L Band ASE source, NP Photonics) was used at the input
waveguide, and measurements were recorded using an Optical Spectrum Analyzer
(OSA YOKOGAWA AQ6370C) with 10 pm resolution. To estimate the insertion
losses in the AWG, all the traces were normalized with respect to a 0.8 pm width
deep straight waveguide. The normalized spectra, from the center input to all
the outputs, are shown in Fig. 2.12. Panel (a) shows the best case obtained from
all the AWG measurements, where the peak insertion loss is approximately 3 dB
(with £ 0.4 dB due to differences in the in/out coupling performance of the grating
couplers) and the cross-talk level is 14 dB in the worst case channel.

Panel (b) shows the case where the higher cross-talk is obtained, as later on
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Figure 2.12: Orthogonal AWG fabricated in SOI: (a) Optical microscope image of the
fabricated devices, (b) layout detail for one AWG and (c) microscope
image.
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this chapter the cross-talk will be tried to be reduced. From these measurements,
the peak insertion loss is approximately 5 dB. The cross-talk, measured as the
difference between the highest side lobe level and the channel level in a 3 dB
clear window (see Appendix D), is as high as 7.4 dB. The relatively high side
lobes in the response of the AWG can be attributed in part to the multi-mode
nature of the 0.8 pym width straight sections used in the AWs. Besides, other
detrimental effect may be the polarization rotation in the bent sections, as will
be discussed in Chapter 3.3.2. Despite some simulation studies [56] state that
polarization rotation is negligible for this waveguide width (0.45 pm in the bent
sections) and the radius employed (5 pm), the slanted waveguide walls are not
taken into account [40]. Moreover, discretization effects due to the grid snapping,
could introduce a phase front distortion [57], since the EBL tool used a 5 nm grid
snapping. This path length variation is in the order of +15 nm for the orthogonal
layout, and through the effective index, this variation leads to a phase error of
+7/19. Simulations accounting this random error are performed, showing the
best achievable noise floor around -30 dB.

It must be remarked as well that even when taking into account the critical
dimensions imposed by the foundry, fabrication is not always as good as can be
expected. As an example to illustrate this, Fig. 2.14 shows scanning electron
microscope images of the interface between shallow and deep waveguides. As can
be seen, the etching is not correctly done when waveguide density is high, as is
the case for the AWs. This phenomena may introduce amplitude and phase errors
in the AWs, which will be translated to an increased noise floor or a distortion in
the pass-band shape above the -30 dB level mentioned before.

2.4.4 Phase error measurements

As in Section 2.3, the OFDR technique was used to estimate the phase errors in
the arrayed waveguides due to the fabrication process. As a first step, it was used
with the SOI orthogonal AWG presented in this section, with the cross-section in
Fig. 2.10. However, as shown in Fig. 2.13-(b), the cross-talk level is high. For
this reason, a SiOs cladding layer of 700 nm height was deposited on top of the
Si waveguide using plasma-enhanced chemical vapor deposition (PECVD), and
then the AWG was measured again. The deposition of cladding reduces the index
contrast in the waveguide, thus reducing the multi-mode behavior of the cross-
section and the sensibility of the phase errors. Both effects should turn into a
reduction of the cross-talk and the side-lobe level together with a shift in the
central wavelength of the AWG.

Figure 2.15 shows a comparison of the measurements for both cases. Panel (a)
shows the obtained power measurement in the AWs when using the central in-
put and central output waveguides. As can be seen, the power profile in the AWs
follows the typical Gaussian distribution, corresponding with the theoretical Gaus-
sian profile obtained from simulations (yellow line). To complement the amplitude
measurement, Fig. 2.15-(b) illustrates the phase error measurement for the case
when no cladding has been applied (upper part) and when the cladding is on top of
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Figure 2.13: Measured spectral traces: (a) best AWG case and (b) higher side-lobe.
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Figure 2.14: Scanning electron microscope (SEM) images from the arrayed waveguides
in the fabricated devices.
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the chip (lower part). In the latter the measurements with no cladding have been
also included in light grey color to make easier the comparison between both cases.
When no cladding is on the chip surface, the maximum phase error is estimated
to be around 1 radian. Then, the deposition of the cladding will reduce the index
contrast and thus reduces the phase errors obtained due to the fabrication and
the multimode behaviour of the waveguide. The maximum phase error when the
cladding is deposited is 0.5 radians, and it is clearly visible how the phase errors
are minimized in all the AWs.

Although the phase error reduction is not as high as expected looking at the
phase measurements (almost 50% of phase error reduction), the overall response of
the device is clearly improved. To illustrate this improvement, Fig. 2.15-(c) shows
the spectral traces from the device with (dashed line) and without (solid line)
cladding recorded using an optical spectrum analyzer and a broadband source.
As a quality measurement, the difference between the peak maximum and the
second peak of every channel was measured obtaining 6.72 dB in the case when
no cladding was used and 11.62 dB when the cladding was applied. To illustrate
these results, Fig. 2.15-(d) shows the spectrum for the output central channel in
both cases centered at the same wavelength, where the side-lobe and the noise
level are clearly improved.

2.5 Conclusions

In this chapter a review of the AWG has been presented. The AWG is a very
well known device, and it is probably one of the most important components in
optical communication networks where mux/demux devices are required. Since it
is a passive device and can be integrated in almost any fabrication technology, its
versatility is very high.

This chapter has served as the basis to develop the design libraries for the
typical software used for photonic chip simulation and design [50]. The libraries
can be used to design AWGs following an orthogonal layout for technologies as InP,
thin SOI, thick SOI, TriPleX, SiNx or AlGaAs, and also can be easily modified
to include any other technology. Other type of layouts, like the Smit or S layouts
are still under development (see Appendix A for SigN, designs, and Appendices B
and C for more information about the AWG layouts and the design libraries).

Two fabrication technologies (InP and SOI) were chosen to design, simulate and
fabricate AWGs. However, more AWGs and its variants in different technologies
will be shown during this thesis.

As a result, the InP AWGs show performances with side-lobe level ratios better
than 16 dB for the 100 GHz and 200 GHz channels spacing regular AWGs. This
technology shows a very good balance between phase errors due to fabrication and
size of the final device, obtaining the best results when typical AWGs are designed.
For the design where MMIs are employed to flatten the spectral response, noise-
to-signal ratios better than 28 dB are obtained when a 5.1 nm channel spacing
is used. OFDR measurements for both devices in this technology are shown to
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compare the effect of the index contrast for the different technologies and illustrate
the different fields profiles obtained depending on the input waveguide used.

For the AWGs fabricated in SOI, this technology has arose as the one obtaining
the most reduced dimensions. The main reason is the high confinement due to the
high index contrast that enables to use the smallest bending radius. As a drawback,
this technology is the most sensitive in terms of phase errors, obtaining responses
with side-lobe levels around 7 dB. As a solution, the introduction of a cladding
can reduce the high index contrast, maintaining the same dimensions but reducing
the side-lobe levels to 11 dB. This reduction of the phase errors when the index
contrast is reduces has been checked and validate by means of the measurement
with the OFDR technique, where it is possible to obtain the amplitude and phase
in each AW independently.

In terms of phase errors, it may not be valid to attempt a direct comparison
between the different technologies. Despite the AWGs presented in this chapter
have the same or comparable design parameters (channel spacing, FSR, number
of inputs and outputs), and all make use of an orthogonal layout, the fabrication
processes are different. The phase errors are due mainly to the causes detailed
in Section 2.3. All these structural effects depend not only on the materials and
waveguide cross-section (index contrast) but also on the diverse process steps, and
chemical recipes, employed during the lithography. Hence, it is possible to compare
phase errors among devices in the same fab run, better at a die level (lithography
variations happen among dies as extensively reported in the literature, e.g. for
ring resonators in SOI). In Section 2.3 the comparison was established for AWGs
of 100 and 200 GHz channel spacing in the same die. As said, despite one may be
tempted to compare technologies in terms of phase errors, too many differences
exist to attribute the dissimilar performance to a given factor.
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2014.
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Chapter 3

Interleave-chirped arrayed
waveguide grating (IC-AWG)

In this chapter, a special configuration of an Arrayed Waveguide Grating is pre-
sented, termed Interleave-Chirped AWG (IC-AWG). This device is able to process
optical signals, acting as WDM demux and polarization and phase diversity com-
ponent. It may find use in receivers for coherent optical communications. The
chapter is structured as follows: firstly, the formulation of a regular AWG in [34]
is taken as the basis to derive the analytical equations. Secondly, a design pro-
cedure taking into account the selected technology and cross-section is provided.
Finally, an example of design and fabrication of the IC-AWG is presented. The
device has been fabricated in InP technology using the COBRA/SMART Photon-
ics MPW platform, and it operates as a wavelength multi/demultiplexer unfolding
the operation in each wavelength channel to four different phases and two polar-
izations.

3.1 Background and motivation

Coherent optical communications have regained interest in the last years [58],
giving as a result photonic integrated circuits with aggregate speeds of up to
500 Gb/s [59]. Currently, the main block of integrated optics based coherent re-
ceivers is the Multi-Mode Interference (MMI) coupler, which can be designed to
operate as the 90° hybrid necessary in every coherent detector. The combination
of this element with wavelength multi/demultiplexers as the Arrayed Waveguide
Grating (AWG) has been demonstrated [59], obtaining the advantages of Wave-
length Division Multiplexing (WDM) systems merged with the ones derived from
coherent optical communication technologies.

By this time, a lot of effort has been put in colorless configurations where no
mux/demux devices are nedeed. The main idea of these systems is to reduce the
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number of components (thus reducing the size of the resulting chip) obtaining the
same operation but with less than 1-dB penalty [60,61] in comparison with the
case where mux/demux are used. However, these configurations require broadband
tunable lasers, as for example the sample grating distributed Bragg reflector (SG-
DBR) laser, which is big and not rapidly designed. Then, the use of demux devices
can be used to reduce a broadband to smaller spectrum portions, where the use
of distributed feedback (DFB) lasers will be enough.

For this reason, the IC-AWG reported in [15] is seen as the most compact
solution for these systems, since it enables a three fold operation: the two afore-
mentioned demultiplexing and 90° hybrid operations but also polarization splitting
on-chip attained through the use of birefringent waveguides in the IC-AWG arms.

3.2 Model and design procedure

The following section describes a full field model for Interleave-Chirped Arrayed
Waveguide Gratings. It was previously published in a peer reviewed journal, and
is reprinted here with permission: B. Gargallo and P. Munoz, “Full field model
for interleave-chirped arrayed waveguide gratings,” Optics Ezpress, vol. 21, no. 6,
pp. 6928-6942, (© 2013 OSA, dx.doi.org/10.1364/0E.21.006928.

3.2.1 AWG layout

A schematic of a 2xN Arrayed Waveguide Grating (AWG) is shown in Fig. 3.1-(a).
It consists of two input waveguides, followed by a free propagation region (FPR).
At the end of this FPR, the field is coupled in the arrayed waveguides. In a
conventional AWG design, the length of consecutive waveguides in the array differ
by a constant value, Al, which is an integer (m) multiple of the design wavelength
(M\o) within the waveguide, as shown in Fig. 3.1-(b). The accumulated phase shift
depends on wavelength/frequency, which combined with the second FPR, leads
to light focusing at different output positions for each wavelength. Moreover,
the field discretization imposed in the arms, causes diffraction in different orders
(...,m—1,m;m+1,...), resulting in different Brillouin Zones (BZs) [8]. In an
Interleave-Chirped AWG (IC-AWG), the array is divided in M subsets. Within
each subset, whose waveguides are spaced Md, at x; and x5, an additional floor
length (related to Ag) is introduced [62]. The division of the array in M subsets
reduce the original BZ size by a factor M, as will be formulated in detail in the
following sections. Besides, introducing different floor length in each subset, results
in out of phase interference at x3, for the fields diffracted by each subset. This can
be seen in Fig. 3.1-(c), where the width of the focusing zones has been reduced by
a factor M compared to Fig. 3.1-(b). Each group of these arrayed waveguides with
the same incremental length is called subarray. Hence, if for example a M = 4
chirp pattern is used, the first subarray will be composed of the arrayed waveguides
number {1,5,9,..., N — 3}, the second by {2,6,10,..., N — 2} ...In this section,
the model of the IC-AWG extending the Fourier optics AWG model presented
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Figure 3.1: (a) IC-AWG layout. (b) Field focusing points without and (c) with chirp.
Abbreviations: subscripts ¢, w and o stand for input, arrayed and output
waveguides, respectively; w: waveguide width; d: waveguide spacing; Ly:
focal length; FPR: free propagation region; lo: shortest AW length; Al:
incremental length; A: wavelength; n.: AW effective index; BZ: Brillouin
Zone.

in [34] is formulated, starting from Eq. (2.3) in Chapter 2.2 since the IC-AWG
will differ in the AWs. Table 3.1 shows a summary of the variables used in the
formulation.

3.2.2 Field at the arrayed waveguides

Let the length of waveguide number r in each subarray be given by,

N
lr,k = lc,k + All <7" + W) (31)

with Al’ being the incremental length between one waveguide and the next in the
same subarray, and . being the length of the shortest waveguide in subarray
number k, used to account for different base length in each subarray and to in-
troduce the chirp pattern in the AWs. The conventional AWG has a path length
increment
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bi, by, b, Power normalized Gaussian function
B;, By, B, Spatial Fourier transform of b,
Wi, Wy, Wo Mode field radius
¥ Frequency spatial dispersion parameter
o Wavelength focal length in Fourier optics
N Slab effective index
Ne Array waveguides effective index
Ng Group index
r Waveguide number in the array waveguides
m Grating order
Lk Length of the r waveguide in subarray k
lek Length of the shortest waveguide in subarray k
Al Incremental length between AWs
Al Incremental length between AWs in a subarray
Afen Separation between channels in frequency
t Field at the output waveguides
Avpor Frequency separation between polarizations
AZpol Spatial separation between polarizations
M Number of sub-arrays
To — T3 AWG planes
d;,dy,d, Waveguide separation
Ly Focal length
v Frequency
N Number of array waveguides
B Propagation constant
c Speed of light in vacuum
A Wavelength
L, Loss nonuniformity
h—1fs Total field distributions
q Number of the output waveguide
Avpy Frequency 3-dB bandwidth
Azpsr Spatial FSR

Table 3.1: Summary of the variables used in the formulation. Subscripts i, g and o
stand for input, arrayed and output waveguides, respectively.
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m)\o

Al = (3.2)

Ne

In this equation, m is the grating order, n. is the effective index in the waveguides
and \g is the design central wavelength. In order to keep similar focusing properties
for all the M subarrays, Al’ = M Al. The phase shift introduced by waveguide r
can be expressed as

N

b (v) = €790k = = P(lent AU (14 i) (3.3)
being § the propagation constant for the AW:

2mn.v

=" (3.4)

Using Egs. (2.3) and (3.3) the field distribution at x5 is given by:

fa(w2,v) = MI\ZX_: {H (;;w> B; (z2) ¢, (72, V) 0w (352)6’”&/%}@% (z2)

=0
(3.5)
with
+oo
Suwr(2) = > 6 (w2 — Mrd, — kd.,) (3.6)
S1 (22, 1) = Yy (v) e PR ES (3.7)
i (I/) — e_jﬁ(lc,k"rAl,%) (3.8)

3.2.3 Second Free Propagation Region

To obtain the spatial field distribution at the end of the second FPR, the spatial
Fourier transform of Eq. (3.5) is calculated as follows:

fa(xs,v) = ¢/ 271'(4}239 (x3) -

M-1

(]

[smc (Ndw%) ® b, (23) @ B, (23, 1) @ Au g (3) ejfwﬂ (3.9)
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“+oo
Ay (x3)=F { Z 0 (xg — Mrd, — kdw)}

T=—00
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w

which after some manipulation results in:

—

2 M—

w 1 e
fa (w3, v) = § 27ra—ng (w3) 47 > [W (v) H5D1 4.
k=0

= T o n.vAl'a
D e fy Ty =Ty (3.12)

r=—00

with,

Ja (w3) = sinc (Ndw%) ® b; (x3) (3.13)

The argument of fy; in Eq. (3.12) shows the field at the output of the second FPR
has its focusing point position determined by the number of subarrays, M, and the
incremental length, Al’. Moreover, the term ej/ml/%, is a phase shift dependent
of the subarray number, and the term eI2TTIT is a phase shift dependent of the
focusing position. Position x3 and wavelength A = ¢/v are related through the
frequency spatial dispersion parameter (FSDP) given by:

cMd, vod,,

P = .14
" n.Al'a am (3.14)

3.2.4 Field at the output waveguides

At the output waveguides, the field can be obtained through the following overlap
integral:

+oo
to,q (V) =/ f3 (x3,v) bo (x5 — qdo) O3 (3.15)

where by is the fundamental mode profile at the output waveguide (OW), ¢ is the
OW number and dy is the OW spacing.

3.2.5 Arbitrary IW position

All this formulation can be easily extended to the case with more than one input
waveguide (IW), not only for the case with one input placed at the central position
of the first FPR. The field at the IW can be expressed then as
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2 _(zo—pd;\?
bip (z0) = {| —=e ( @i ) =b; p (xo — pd;) (3.16)

where p is the IW number and d; is the IW spacing. At the output plane the field
will be

_a 9 OJZB 1 N JBALE
fa s, v) = {275 By (wa) 37 D [ohe () 72 -

k=0
f ~jenrds f @ nv Al o 4 ood (3.17)
R MAR T "M, T ema, TP '
and the field in the output waveguides is
“+o0
tp_’q (I/) = / fg_’p (ZZ?3, V) b() (ZE3 - qdo) 8$3 (318)

3.2.6 Modeling polarization dependence

This model can also be extended to the case where two polarizations are supported
by the waveguiding structures. Although polarization dependence is minimized in
conventional AWG [41], in the IC-AWG is engineered for the device to act as a po-
larization diversity component. Through Eq. (3.17) the shift between polarizations
is given by:

m nerm (V) ary (V) v
Aty = 2 _ B -
Tpol = - (aTM (v) nern (70) 7o arg (V) +

nere (V) arg (v) 1/>
ne,TE (Y0) Vo

(3.19)
The equation indicates that at the output plane each polarization is going to be
focused at different position. The distance between TE and TM polarization fo-
cusing points, at a given v, depends on the spacing, length and effective index of
the AWs and length of the FPR. The frequency shift corresponding to the afore-
mentioned distances, which in the literature is known as Polarization Dependent
Wavelength Shift (PDWS) [41], is given by:

Avyy — —NeE Wo)vo arg (V) ne,rE (Vo) Vo
PO e (V4 Avpor) Ne,rm (V4 Avpor) arar (V + Avpor)
arg (V) nere (V) v

Ne,mmr (V + Avpor) arnr (v + Avpgp)

(3.20)

Equation (3.20) shows the wavelength separation between both polarizations as a
function of the effective index of the AWs and the FPRs length. For v = 1y it
reduces to:
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Avyy = —Nere()0 (3.21)

Ne,TM (VO + AV;Dol)

Equation (3.21) is extremely important in the design of the IC-AWG, since it
shows that the PDWS only depends on the effective index of each polarization,
and vy. For the design of IC-AWGs, described in Section 3.3, it will restrict the
number of channels and their frequency spacing.

3.2.7 Design procedure

Using the equations derived in this section, it is possible to obtain a design pro-
cedure for the IC-AWG. Once the design frequency vy is selected, the following
steps are used to obtain the physical parameters of the IC-AWG.

1. Select the number of channels and the separation between them, A f.,. This
will fix the necessary polarization spacing Av,, in Eq. (3.21), and then the
geometry of the arrayed waveguides necessary to obtain the quotient between
polarization effective indexes.

2. Set the spatial separation between polarizations in Eq. (3.19) as half free
spectral range (FSR). The FSR is given by:

«

A = 3.22
TESR = 7o (3.22)
This will set the grating order m through:
1 ng c
m ns, M (Vo) ne,rE (Vo) (3.23)

N m ns,TE' (VO) nc,TE (VO) - nc,TM (VO)

Note that this maximizes the spectral usage, as half of the spatial FSR
is filled with TE, whereas the other half with TM channels/wavelenghts.
Following [41], the array order m is not the order of the demultiplexer,
because the waveguide and material dispersion must be taken into account
through the group index n4. It can be incorporated through the modified
grating order m’ = (ng/nc,rE)m.

3. Use Eq. (3.2) to obtain the necessary incremental length between arrayed wa-
veguides Al. The used Al’ for each subarray will be M times the calculated
Al.

4. Calculate the loss nonuniformity L,, due to By (z3) in Eq. (3.12) through:

Lu (dB) = 201log,, (BﬁgT%) (3.24)
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Figure 3.2: Available cross-sections in COBRA/SMART Photonics MPW.

where the worst case is considered an output waveguide located a distance
Azy, that corresponds to M — 1 grating orders shift of the central grating
order m, and a central input waveguide. This will allow to place the input
waveguides in any point in the input plane. Hence, the loss nonuniformity
will be:

1

e~ (ﬂwg My,
From here it is possible to obtain the arrayed waveguides distance d,,.

5. Obtain the frequency 3-dB bandwidth by using [34]:

Avpy = 27w/ 21n (103/20) (3.26)

and derive the focal length Ly with Eq. (3.14). Note that the FSDP param-
eter v has to take into account the dispersion through the modified grating
order m’.

6. Calculate the output waveguide distance through:

U do dw

Ly =ple 20 o
L A fan Al

(3.27)

where ng is the group index of the arrayed waveguides [7].

7. Finally, the input waveguides will be positioned equidistant to the center of
the input plane xy and separated a fraction M of the focusing zone. In the
case of a 90° optical hybrid with 4 subarrays, the input waveguides will be
at the positions :t%ozTE (vo) / (Md,,).
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Figure 3.3: Vectorial representation of the field due to each of the 4 subsets at the
output waveguides spaced a quarter of the spatial FSR when (a) the regular
AWG and (b) the IC-AWG are analyzed.

3.3 Experimental validation

In this section, the experimental demonstration of an IC-AWG is provided. The
device has been designed for the InP generic technology of COBRA Research
Institute Eindhoven [63], the Netherlands!, and it has been manufactured through
a MPW run.

In this process, a three step epitaxial process is used to obtain the structures
shown in Fig. 3.2. First, the active layer stack is grown epitaxially using a n-
doped InP wafer as source [20]. Note that the active layer consists of one InGaAsP
layer with a bandgap of 1.55 pm sandwiched between two InGaAsP layers with a
bandgap of 1.25 um. Then, the active material is selectively removed, and a new
layer of InGaAsP transparent at 1.55 ym (bandgap 1.25 pm) is regrown up to the
same level. In the last step, all the wafer is covered with p-doped InP material as
cladding.

Once the layerstack is defined, the next step is to etch the waveguides. In this
platform, the waveguides are defined by photolitography with a resolution down
to 90 nm [20]. Then, using a double-etch process, shallow and deep cross-sections
can be defined, as shown in Fig. 3.2.

This platform also offers a set of library of building blocks, as for example: ta-
pers (including linear and parabolic tapers), multi-mode interference couplers and
multi-mode interference reflectors, shallow to deep transitions, waveguide cross-
ings, isolation sections, arrayed waveguide gratings, phase modulators, semicon-

LAt the time of writing, this technology is currently provided by its spin-off company SMART
Photonics.
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Figure 3.4: Vectorial representation of the field at the output waveguides using two
input waveguides separated a spatial FSR (inl and in2).

ductor optical amplifiers, PIN diodes and saturable absorbers. More information
can be found in [25].

3.3.1 Design

The IC-AWG has been designed for the InP technology of JePPIX at the COBRA
fab [20,63], explained before and, for the design, the methodology described in
Sec. 3.2 is followed.

In this case, the IC-AWG is thought to be designed operating with two channels
per polarization and four different phase relations. For this reason, the number
of outputs will be 16. The birefringence due to the 2.1 ym width deeply-etched
waveguides used in the array is 1.6 nm between polarizations. Then, the channel
spacing to provide the desired operation is 0.8 nm (100 GHz). The design free
spectral range (FSR) has been set to 3.2 nm, to obtain a cyclic operation with
both polarizations, and the central wavelength is 1550 nm. This results in a free
propagation region length of 384.6 um, and an incremental length between arrayed
waveguides of 51 pum, with a grating order m = 107. The space between arrayed
waveguides is set to the minimum allowed from the foundry (0.75 pm), and the
curvature radius is 162 pym.

To enable the 90° optical hybrid operation, a chirp pattern {0,37 /4,0, —7/4}
is used, the same as [15]. Therefore, each subarray has a small base incremental
length according to this chirp pattern and the central wavelength [64]. To illustrate
the effect of the chirp pattern in the IC-AWG, the response of the regular AWG
will be first analyzed. Figure 3.3-(a) shows the field in 4 output waveguides spaced
a quarter of the spatial FSR, if the arrayed waveguides are divided in 4 subsets
(a1, ag, ag and a4). Then, if using one wavelength, the contribution of each subset
will cause a constructive interference in one spatial position (outl) while in the
other positions the interference will be destructive (outs 2, 3 and 4).

When the aforementioned chirp pattern ({0,37/4,0, —7/4}) is introduced, the
contribution of each subset will be modified, obtaining now the response in Fig. 3.3-
(b). Here, the additional length introduced in the second and forth subsets causes
a non-destructive interference in each of the four arms. Moreover, the resulting
phases in each output waveguide due to the introduced chirp pattern can be used
to obtain the 90° optical hybrid operation, since placing an input waveguide in
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16 outputs

Figure 3.5: Optical microscope image of the fabricated device.

a distance that will be a quarter of the spatial FSR will cause a field pattern
like the represented in Fig. 3.4. In this figure, the field due to the two input
waveguides is plotted in each one of the four output waveguides when the chirp
pattern has been introduced. As can be seen, the phase differences between the
two input waveguides will be 45°, 135°, -135° and -45° for each output waveguide,
respectively. Thus, these resulting phases are the necessaries to attain the optical
hybrid functionality in the IC-AWG.

Note that there are multiple combinations of incremental lengths to ensure
four outputs with the same power [62], but this is the only one to achieve the
90° hybrid operation [15]. For this design, no optimizations for the input/output
waveguides regarding focusing aberrations are done.

In order to asses on the phase relations of the subarrays, an auxiliary 2x2
Mach-Zehnder interferometers has been connected to the input of the IC-AWG,
similar to the metodology in [65] for MMI-based 90° optical hybrids. This MZI has
a FSR of 80 pm, which results in an incremental length between arms of 8.124 nm.
The two outputs of the MZI are to connected to input positions of the IC-AWG
separated one spatial FSR.

3.3.2 Characterization

The fabricated device can be seen in the microscope picture in Fig. 3.5, where the
IC-AWG and the auxiliary MZI are marked with a red box. The size of the chip is
the one provided by the MPW run (4.1x4.7 mm?), while the size of the IC-AWG
is approximately 0.9x2.0 mm?.

The chip is placed in a copper submount and fixed with a vacuum chuck. The
temperature of the sample has been kept to 25°C during the experiments using
a thermoelectric cooler (TEC). An optical broadband source (C&L Band ASE
source, NP Photonics) is used at the input waveguides, and the measurements at
the output waveguides are recorded using an Optical Spectrum Analyzer (OSA

YOKOGAWA AQG6370C) with 10 pm resolution. In this case, all the spectral
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Figure 3.6: Measurement setup schematic including the polarizers.

traces shown are normalized to the maximum value of all traces in the same graph.

An important issue in practica AWG devices is the polarization rotation in
bends [66]. A bent waveguide has slightly rotated polarization axis, with respect
to a straight waveguide in the same cross-section. This is usually the case when the
sidewalls are not perfectly vertical. Therefore, even ensuring a single polarization
in the straight waveguide (which is hardly difficult in practice due to chip tilt on
the chuck with respect to the in/out coupling objectives), in the interface between a
straight and bent waveguide coupling between one of the linear polarizations in the
straight to the two other in the bend happens. For this reason, two polarizers are
included before and after the device under test (DUT), as can be seen in Fig. 3.6.
The light is coupled then in and out the chip using edge coupling with microscope
objectives. As a comparison to illustrate the issue of polarization rotation in the
bent waveguides in this device, Fig. 3.7-(a) shows the measurement of one IC-
AWG channel using the input polarizer, to ensure that mainly TE polarization is
introduced in the device, and with/without the output polarizer. The blue trace
shows the output without polarizer, whereas the red trace corresponds only to
TE. Clearly, despite mostly TE is injected to the chip, a significant amount of
TM is present when no filtering is applied at the output, and this is attributed
to polarization rotation in bends as reported in [40] for AWG devices in the same
InP technology.

Next, in order to asses on the FSR of the IC-AWG, four outputs with the
same channel are measured. As can be seen in Figs. 3.7-(c) and (d), the chosen
outputs are 0, 4, 8 and 12 for each polarization (TE and TM). As a result, the
measured FSR of 3.2 nm matches very well with the simulated, which means that
the group index (ng) obtained from the waveguide cross-section simulations is
approximately the real one, since the FSR in an IC-AWG depends on this group
index (see Sec. 3.2).

Once the group index related figures (FSR an channel spacing) are checked, the
waveguide birrefringence is investigated. For this purpose, one output waveguide is
measured for each polarization, changing the input and output polarizers (Fig. 3.7-
(a)) to ensure that mostly TE or TM polarization is entering to the chip and the
possible polarization rotation is avoided with the output polarizer. The result can
be seen in Fig. 3.7-(b), where the measured PDWS, related to the birrefringence
through Eq. (3.21), is 2.6 nm. It is important to remark that the PDWS will
be measure as the wavelength shift between polarizations for the same diffraction
order. In this way, Eq. (3.2) can be used to estimate the central wavelength for
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and (d) TM polarization.
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Figure 3.8: Wavelength map for four consecutive outputs: (a) designed and (b) mea-
sured.

each polarization. Since the effective index in one chosen cross-section will be lower
for TM polarization compared with TE polarization at one wavelength when using
this technology, then for the same output waveguides the wavelength channel will
be in lower wavelengths for TM than for TE polarizations.

The measured PDWS is higher than the 1.6 nm obtained from simulations,
and this will affect the wavelength map planned for this design. The wavelength
map simulated for four channels distributed in two channels per polarization is
shown in Fig. 3.8-(a). For the targeted FSR of 3.2 nm and PDWS of half this
FSR (1.6 nm), wavelength ); is mapped to outputs out0 (TM) and out2 (TE)
and A;41 is present in outputs outl (TM) and out3 (TE). Since the measured
PDWS does not corresponds to the simulated one, we will obtain an overlap in
the channels for both polarizations, as is shown in Fig. 3.8-(b). Then, wavelength
A; is mapped to output outO for TM polarization, but is no longer present in
out2 for TE polarization, whereas it is present but slightly shifted in outl for TE
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Figure 3.9: Measurement of four consecutive channels for TE and TM polarizations.

polarization. In the case of the wavelength A;;;, it is present in outl for TM
polarization and it is also present in out2 for TE polarization, with a slight shift.
Thus, the measured wavelength map does not correspond with the simulated one.
Because the PDWS only depends on the effective indexes for each polarization
(see Eq. (3.21)), the effective index obtained from simulations for one or both
polarizations is not correct.

The mismatch in PDWS can be appreciated in the measured spectra of Fig. 3.9.
In this figure, it is shown the spectra corresponding to 4 consecutive outputs: 4,
5 for TM and 6, 7 for TE. As a result, the channels for the same polarization are
correctly spaced 0.8 nm, as per design. Starting at channel 4 for TE polarization
and looking to shorter wavelengths, channel 8 for TM polarization TM should be
placed by design at 1.6 nm away, however it appeared at 2.6 nm, confirming the
PDWS mismatch between design and fabrication.

Finally, the assesment on the phase diversity (90°) of the device is perfomed.
For this purpose, the spectra of 4 outputs spaced the chirp interval P=4 is recorded,
in this case the output waveguides numbers 2, 6, 10 and 14 for TE polarization
and using the MZI as input. The results are shown in Fig. 3.10 where, as per
design, the same wavelength channel is collected at all the outputs, as previously
shown in Figs. 3.7-(c) and (d). Exceptionally, severe pass-band degradation is
observed for channel 14. This degradation can be attributed to the very aggres-
sive design, where a very narrow channel spacing of 0.8 nm is used, and also to
the fact that no input/output position corrections were done to account for op-
tical aberrations [55] for the present large slab coupler aperture obtained in the
layout. Equivalent results are obtained for TM. The measured phase relations
are not exactly the designed ones (90°,90°,90°,90°), but the value is very sim-
ilar being (107.4°,93.9°,65.8°,92.9°) for the channel shown in Fig. 3.10-(b) and
(92.5°,79°,102.6°,85.8°) for the channel in Fig. 3.10-(c). This difference can be
attributed either to phase errors in the subarrays or to imprecisions during mea-
surements due to the fact the small FSR MZI (80 pm) might drift between the
time required to reposition the output lensed fiber, albeit the use of TEC.
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3.4 Conclusions

Finally, as the chapter conclusions, a brief summary of the contents and goals
attained follows. The general objective of this chapter, is to present the theoretical
model and design procedure for the IC-AWG. This model is able to describe the
three fold operation of the IC-AWG as channel demultiplexer, polarization splitter
and 90° optical hybrid. The model has been used to provide a design procedure
which is useful to obtain the necessary physical parameters of the device, from
the targetted high level specifications or requirements, being possible obtain the
response even in the case where two polarizations are supported by the waveguiding
structures. Following the presented design procedure, an example of design and
fabrication of an IC-AWG is reported. The device has been fabricated in the InP
generic technology of the COBRA Research Institute through a MPW run. The
IC-AWG features a chirp pattern P=4 with a targeted birefringence of 1.6 nm,
therefore allowing to process simultaneously two optical channels with a channel
spacing of 0.8 nm, the four different phase relations of a 90° optical hybrid and
two polarizations each, obtaining 16 output waveguides.

From the measurements of the fabricated device, the birefringence obtained af-
ter fabrication does not correspond the simulated, having different focused chan-
nels at the output waveguides. Thus, the simulated wavelength map does not
correspond with the one obtained from measurements. Moreover, some channels
exhibit considerable pass-band degradation, that could be corrected using less
aggressive layouts and input/output waveguide position corrections to minimize
optical aberrations. The design of the device also includes a MZI in two inputs
of the IC-AWG in order to check the different phases provided by each subarray.
From the measurements of the transfer function of the joint MZI+IC-AWG, a good
agreement with the necessary 90° optical hybrid operation is obtained.

The results in this chapter have been reported in different conferences and in
one journal with the following publications:

e B. Gargallo and P. Munoz, “Full field model for interleave-chirped arrayed
waveguide gratings,” Optics Express, vol. 21, no. 6, pp. 6928-6942, 2013.

e B. Gargallo and P. Munoz, “Theoretical model of an interleave-chirped ar-
rayed waveguide grating (IC-AWG),” in Proc. SPIE 8767, Integrated Pho-
tonics: Materials, Devices, and Applications II, paper 87670S, Grenoble,
France, 2013.

e B. Gargallo and P. Mufioz, “Interleave-chirped arrayed waveguide grating
theoretical model and design procedure,” in VIII Reunién Espariola de Op-
toelectrénica (OPTOFEL), Alcald de Henares, Madrid, 2013.

e B. Gargallo and P. Mufioz, “Interleave-chirp arrayed waveguide grating on
InP generic technology,” in Proceedings of the 17th Furopean Conference on
Integrated Optics (ECIO), Nice, France, 2014.



3. Interleave-chirped arrayed waveguide grating (IC-AWG) 51

Last but not least, the next intellectual property results have been registered
related to the activities in this chapter:

e B. Gargallo, P. Munoz, J. Capmany, and J.D. Doménech, “Espectrémetro
6ptico integrado en miniatura,” OEPM P201331320 / ES2533610 - PC-
T/ES2014/070611, 2013.



52

3.4. Conclusions




Chapter 4

Reflective arrayed waveguide
grating (R-AWG)

The present chapter is devoted to an Arrayed Waveguide Grating configuration
which operates in reflective mode, and whose layout is amenable for tailoring the
band pass shape. The chapter is sectioned as follows: first, the motivation of
this device is introduced in Section 4.1. Then, in Section 4.2 the formulation
of the regular AWG introduced in the previous chapters is used to explain the
functionality of the R-AWG when different coupling constants and phase shifts
are used in the arrayed waveguides. Next, in Section 4.3 an example of design,
fabrication and characterization using the SOI technology presented in Chapter 2.4
is used as a proof of concept. In Section 4.4 new spectral responses using this
configuration are explained as an outlook of the potential of the device. Finally,
Section 4.5 is used to summarize and conclude the chapter.

4.1 Background and motivation

The fabrication cost of an integrated circuit is fundamentally related to its foot-
print [67,68]. For integrated optics multiplexers, one of the most compact imple-
mentations is the Echelle Diffraction Grating (EDG) which achieves considerable
size reduction in comparison with the AWG [69]. The EDG is composed of only
one slab coupler (FPR in the AWG terminology of this thesis) with the input/out-
put waveguides on one side, and a reflective grating and the end of the FPR. One
of the crucial parts in the design of an EDG is the reflective grating, where max-
imum reflectivity is desired in order to avoid high losses in the device. Different
approaches exist to increase the reflectivity of the grating as for example the de-
position of metal layers at the edge of the grating [17] or the addition of Bragg
reflectors [70]. However, additional fabrication processes are necessary, increasing
the final cost.
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Layouts for reflective AWGs exist as well. The functionality is the same than
regular AWGs, but some extra design considerations are required [71]. Nonethe-
less, the reflectors can be implemented in multiple ways, as for example reflective
coatings on the chip facet [14,72], photonic crystals [73], external reflectors [74]
and even Bragg reflectors [75] at the end of the arrayed waveguides. In [76] a R-
AWG with a Sagnac Loop Reflectors (SLR) at the end of each arrayed waveguide
is proposed. A SLR is composed of an optical coupler with two outputs, each
connected to the other. When the coupler ratio is 50%, the device behaves as
a folded Mach-Zehnder Interferometer, and all the light interferes constructively,
but in reflection mode, rather than transmission.

In this chapter, the theoretical model for the analysis of the R-AWG, based on
the model in [34], is presented. The model is then validated with the measurements
obtained from a fabricated device. This device has been designed following the
developed model and fabricated in a custom Silicon-On-Insulator (SOI) technology.
Moreover, since the reflection of the SLR depends on the coupling constant of the
coupler, a procedure to customize the spectral response of the R-AWG channels is
provided. This customization of the field pattern in the arrayed waveguides allows
to obtain different spectral shapes, as for example the flat-top response where
every channel tends to be similar to a box-like transfer function [77]. Nonetheless,
the tailoring of the spectral channels is not limited to the flat-top shape, and
almost every shape could be obtained applying Fourier transform theory, as will
be explained later on this chapter.

4.2 Operation principle

The schematic of a R-AWG is shown in Fig. 4.1. This figure will be used as
reference for all the equations in this chapter. As in the case of the regular AWG,
the R-AWG consists of a group of input/output waveguides, a free propagation
region (FPR) and a group of arrayed waveguides, but now the arrayed waveguides
are terminated with a reflector, implemented by means of a Sagnac Loop Reflector
(SLR). Note that the schematic also includes a phase shifter (PS) in each arm, the
purpose of which will be detailed later on.

The operation is similar to the case of the regular AWG, as described in detail
in Chapter 2.2. The only difference in layout is the presence of the reflectors at
midway in the arms of the AWG. Hence, each arrayed waveguide is terminated with
a SLR where the amplitude and phase of the signal can be modified through the
coupling constant of the coupler and the phase shifter, respectively. The overall
phase and amplitude relations between the arrayed waveguides will determine
the spectral shape and the behavior of the R-AWG, being the most simple case
when only a constant phase difference is introduced between consecutive arrayed
waveguides. Thus, the response is similar to the regular AWG where different
wavelength channels will be focused to different output waveguides.
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Figure 4.1: R-AWG schematic view. Abbreviations: F'PR free propagation region, P.S
phase shifter, K coupling constant, z; (i=0,1,2,3) are reference coordinates
and ¢, o; are input and output waveguides, respectively.

4.2.1 The Sagnac Loop Reflector (SLR)

The Sagnac Loop Reflector (SLR) is depicted schematically in Fig. 4.2-(a). Basi-
cally, it consists of a coupler with the output waveguides bypassed. The transfer
matrix for the coupler can be expressed as:

()= (0 25 () w

where K is the coupling constant and ¢, o stand for input and output waveguides,
respectively. Hence, it is possible to analyze the SLR as two couplers connected
in a series, as in Fig. 4.2-(b). Then, the response of the SLR will be:

oh =2j/(1— K)Ke iy + (1 — 2K) e~ 78L4; (4.2)

o) = (1-2K)e Pljy 4+ 25, /(1 — K) Ke 8L, '
and for the case where only the input i is used, the transfer functions can be
simplified as:

I 9 _ —jBL;
09 254/ (1 K_)g(Le 10 (4.3)
o) = (1 —2K)e 7Pk,

being the 8 parameter the propagation constant of the waveguide mode, defined as
B = kon. = 2mn.v/c, where n. is the waveguide effective index, ko is the wavenum-
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Figure 4.2: Sagnac Loop Reflector (a) and SLR analysis as two serial couplers (b).
Abbreviations: ¢ and o stand for input and output waveguides, respectively.
K stands for coupling constant and L stands for loop length.

ber, v is the frequency and c is the speed of light in vacuum. In these equations,
the phase change due to the length of the loop L has been included. From these
expressions, total reflection in port iy will be obtained when the coupling con-
stant is set to K = 0.5. This coupling constant parameter is very important when
tailoring the spectral response of the AWG, as will be analysed in Sec. 4.4, since
coupling constants K other than 0.5 will be traduced in reflected power less than
100%.

In the SLR, the coupler could be implemented in multiple ways, as for example
directional couplers [78], wavelength insensitive couplers [79] or multimode inter-
ference couplers (MMIs) [80]. Since the reflectors in the R-AWG are necessary to
be broadband, with a K parameter constant over a wide range of wavelengths,
and the footprint is critical, multimode interference couplers are envisaged as the
ones fulfilling all the requirements. Moreover, MMIs can be designed with arbi-
trary couplings constants [81,82] or to be tunable [83]. However, different coupling
constants will result in different MMI lenghts and phase shifts. This is the reason
to include phase shifter (PS) sections in the arrayed waveguides of the R-AWG,
where it is necessary to compensate the phase imbalances due to different coupling
constants. In this way, one of the requirements of the PS is to be broadband as
the coupler. Different implementations can be possible, being the most simple the
use of regular straight waveguides or tapered waveguides as in [84].

4.2.2 Formulation

In a regular AWG, the phase shift (A¢) between consecutive waveguides in the
array is an integer number m times 27 when the central wavelength is used. In the
R-AWG of Fig. 4.1, the phase shift can be divided between the arrayed waveguide
(¢w,i), the phase shifter (¢ps,;) and the Sagnac loop reflector (¢srr,:), being i
the number of the waveguide. Then, the total phase shift in each AW will be
given by ¢; = ¢y + ¢ps.i + ¢dsrr.i- Since the R-AWG has the same layout as
the AWG, formulation introduced in Chapter 2.2 is taken as the basis to develop
its equations. The first difference lies in the phase shift introduced by the AWs,
so until Eq. (2.3) formulating the field in the plane z1, all the formulation will
be the same. Then, the length of the waveguide number r will be given by [, =
lo/2+ Al/2 (r + N/2), where ly/2 is the base length of the shortest waveguide in
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the array. As was previously discussed, the incremental length between AWs will
be set to an integer multiple m of times 27 when using the central wavelength )y,
resulting in Al = mMAg/n. where n, is the effective index from the AWs. Thus, the
phase shift due to the waveguide will be A¢, = Bl = 2wn.vl,./c, where § is the
propagation constant of the mode in the waveguide. Both the PS and the SLR
introduce an additional phase shift, and the SLR also an amplitude change. Along
with all this, the reflected field from the AWs at the planse z2, which is equivalent
to the plane x; in the R-AWG (see Fig. 4.1), will be:

fa (w2,v) = {/27w?2

11 <;§w) Bi (22) ¢ (w2, v)

+oo
Z 6 (zg — rd,,) e—deJPs,r(V)jare—jﬁlsma,r ® b, (22)

r=—00

(4.4)
where a, is the SLRs amplitude term given by a, = 24/(1 — K,.) K, obtained from
Eq. (4.3), K, is the SLR coupling constant, 1ps . () is the phase shift introduced
by the PS and lsrr,, is the length of the loop waveguide within the SLR. The
phase term ¢ (x2, v) is:

v T2

¢ (2,v) = (v) e PP T (4.5)

nLN)

. nel
b (v) = e (HE (4.6)

Finally, to obtain the field at the plane x3 the spatial Fourier transform will be
used to the field coming from each AW. This result in:

fs(w3,v) = F {fa (w2, v)}—2a (4.7)

Contrary to the previous model in [34], no closed analytical solution is possible to
be calculated in the general case, due to the arbitrary phase shift for each AW.
Nonetheless, the previous equation is the basis for the particular cases derived
in the next paragraphs. Independently, the frequency response at the output
waveguide ¢ can be calculated through the following overlap integral:

tq (V) = /+°° f3 (w3,v) bo (23 — qd,) Ox3 (4.8)

— 00

where d, is the spacing between, and by (x3) is the field profile of the output
waveguides.
4.2.3 Gaussian spectral response

The most simple case for the R~-AWG will be when a regular AWG response is
desired. In this case, all the SLRs will be the same, with total reflection and,
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therefore, coupling constant K = 0.5. Moreover, the phase shifters are not required
in this configuration, as was reported experimentally in [76]. To this case, the
equations can be particularized, and Eq. (4.4) can be rewritten as:

fo (2, 0) = 5 27To.)§e—j'8lsw [H (Nxflw)Bl (x2) ¢ (z2,v)
oo (4.9)
Z 0 (zg — rdy,)

r=—00

® by (z2)

and the field at the output plane (z3) described using Eq. (4.7) as:

a W2 » R a v
fa.p (23,1) = 74/ 27Ta—ng (z3) e IPlsLRY, (1)) Z fu (xg +pd; — T@ + ;)

r=—00

(4.10)
where the different terms therein are given by Fourier transforms as in Chapter 2.2,
far (z3) is defined as sinc (Ndyxs/a) @ b; (z3) and the equations have been taking
into account an input waveguide p placed at a distance pd; from the center position,
where d; is the distance between input waveguides. As a conclusion, the field at
the output plane for this particular R-AWG can be described as the same way of
the Gaussian AWG presented in Chapter 2. Note that in the case of the R-AWG
the positioning of the input/output waveguides has implications for the selection
fo the central design wavelength. However, this can be accounted for during the
design process as described in [71]. The dispersion angle (#) with respect to the
center of the slab coupler is given by [7]:

BAl — m27r)
ﬁsdw

where 8 and g are the propagation constants of the AW mode and slab modes,
respectively, and d,, is the spacing between AWs. For the positioning of the in-
put/output waveguides in the R-AWG, the wavelength routing properties of the
AWG need to be observed [8]. If A, , is the wavelength routed from the input
waveguide p to the output waveguide ¢, if the input position is changed for in-
stance to p — p’, the same wavelength A, , will be routed to output ¢ + ¢/, with
p’ = ¢’ provided the positions of the input/outputs corresponds to the same wave-
length displacement given by the derivative of Eq. (4.11) (see [7]). Figure. 4.1
shows a layout for N inputs and M outputs, accounting for these routing prop-
erties. The central input waveguide p = 0 is placed a distance to the left from
the center of the slab. Therefore, the central output waveguide ¢ = 0 needs to be
placed the same distance to the right from the center. Nonetheless, the input and
output waveguides can be placed in any configuration in the slab coupler, as for
example interleaving one input with one output waveguide, as long as Eq. (4.11)
is taken into account to calculate the combination of wavelengths/positions.

6 = arcsin < (4.11)
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Figure 4.3: Gaussian R-AWG simulation with 1 input and 6 outputs. (a) Field at the
arrayed waveguides. (b) Transfer function from 4o to the output waveguides.

4.3 Design, fabrication and characterization

The model developed in Sec. 4.2 is used then to design, simulate and fabricate
a R-AWG, similar to previously validated models [48,49]. Despite AWGs and
SLRs can be implemented in almost all integration technologies [2], the footprint
advantage will be obtained in those where the bend radius can be small and,
therefore, confinement in the optical waveguide is strong. Amongst the different
integration technologies, the smallest bend radius is for Silicon-on-Insulator (SOI),
where it can be lower than 5 pm. For this reason, the fabrication of the devices
have been performed in SOI by AMO GmbH, the same technology presented in
Chapter 2.4. The input/output waveguides are designed to use a 2.0 pm width
shallowly etched cross-section. For the AWs, 0.8 um width deep waveguides are
used to minimize phase errors [47]. The effective index for these cross-section n.
will be 2.67 for TE polarization, obtained from simulations using a commercial
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software [50]. Then, this straight section of the AWs is tapered down to 0.45 pum
width in the bent sections, where a radius of 5 ym can be used. Finally, an
effective index ns of 2.83 is obtained in the slab coupler also for TE polarization.
Even when all the equations derived in the previous sections can be used for both
TE and TM polarizations, all the simulations performed in this section are for TE
polarization. The reason of doing this is due to the fact that most of the SOI chips
employ grating couplers as input/output structures, and they usually support only
a single polarization [51,52]. It is also possible to find in the literature grating
couplers coupling both polarizations from the fiber [53], however both polarizations
are coupled as TE polarization into the chip. The only possibility then to couple
TM polarization on-chip is butt-coupling the light horizontally in the devices, but
this is not the case of this design where grating couplers will be used.

4.3.1 Design and simulation

For the design of the R-AWG, the central wavelength is 1550 nm. The number of
channels is 7, the channel spacing is set to 1.6 nm (200 GHz) and the FSR has
been chosen to be 22.4 nm. With these parameters, the calculated focal length is
189.32 pm, the incremental length between AWs will be 36.03 pm and the number
of AWs is 49. This design has been thought to have one single input waveguide
ig placed at the central position of the slab coupler. Then, the output waveguides
are located at both sides of this central input waveguide. Note that due to the
reflective nature of the R-AWG, the central input waveguides will be also used as an
output waveguide, since the central channel will be reflected to this input/output.
The reason for using an input waveguide located at the central position is that
in the case the input waveguide is displaced from the center, it is necessary to
apply additional tuning techniques to compensate the non-uniformities that arise
due to the use of a Rowloand mounting as input/output plane. For example, one
of these techniques could be the modification of the angle and/or positions of the
input/output waveguides [55].

This R-AWG is then simulated for a Gaussian response. As has been described
in Sec. 4.2.3, it is not necessary to include the phase shifters in each arm since all
the SLRs have been designed to have total reflection, i.e. with identical coupling
constant K = 0.5. Figure 4.3-(a) shows the Gaussian field distribution at the
plane z2 obtained as the summation of all the AW contributions through Eq. (4.9)
and the total transfer function is depicted in Fig. 4.3-(b). From simulations, the
insertion losses are approximately 1 dB for the central channel and less than 1.5 dB
for the outer channels. Note that this simulation shows the ideal response of
the R-AWG, since propagation losses and other detrimental effects as fabrication
imperfections have not been included. As comparison, the typical insertion losses
per channel of a regular SOT AWG are around 4-5 dB [47]. From the simulation the
1-dB, 3-dB and 20-dB bandwidths are 0.39 nm, 0.65 nm and 1.58 nm, respectively.
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Figure 4.4: Pictures of the fabricated device: (a) Optical microscope image of the R-
AWG and (b) image of the detail of the SLR using a scanning electron
microscope (SEM).

4.3.2 Device fabrication and characterization

Following the developed model and methodology, regular and reflective AWGs
with the aforementioned parameters have been fabricated on the SOI substrates
presented before. Measurements from the regular AWG can be found in Chap-
ter 2.4. From these fabricated devices, a microscope image can be seen in Fig. 4.4,
obtaining a footprint for the orthogonal AWG of approximately 400x800 pm?
(widthxheight), while for the R-AWG is 230x900 ym?. As has been mentioned
early in this chapter, the size of the R-AWG is almost half the size of the regular
AWG. The reason for not obtaining exactly half the size of the regular AWG lies
on the loop bypassing the SLR outputs, since even with the minimum bending
radius it is necessary to increase the distance between AWs.

The chip is placed then in a copper submount and is thermally controlled to
25°C using a TEC. A broadband source (C&L Band ASE source, NP Photonics)
has been used at the input waveguide, and measurements are recorded using an
Optical Spectrum Analyzer (OSA YOKOGAWA AQ6370C) with 10 pm resolu-
tion. To estimate the insertion losses in the AWG, all the traces are normalized
with respect to a 0.8 ym width deep straight waveguide. Figure. 4.5-(a) shows
the measurements for the three inner channels when entering using the central
waveguide. It is possible to obtain the response from the other three output wa-
veguides although it could not be possible with the available measurement setup
since they end in the same side of the chip than the central input. Figure 4.5-(b)
shows a comparison between the three measured channels of the R-AWG and the
corresponding channels in the regular AWG presented in Chapter 2.4. From this
comparison, two main degradations can be observed in the R-AWG. The first one
is related with the channel width, as in the R-AWG the shape of the band pass
is degraded towards longer wavelengths, obtaining a broadening of the channel at
6 dB below the channel peak maximum. The second is the increased side lobe
level. In the case of the AWG, this lobe level is as high as 13 dB below the channel



62 4.3. Design, fabrication and characterization

0
)
=
o -10
R
5-20
<
=
-30
1.53 1.535 1.54 1.545 1.55 1.555 1.56 1.565 1.57
Wavelength [pm]
(2)
—A0—Al-—A2—R0—RI—R2]
0,
m
=
o -
R
z
g
w
=]
:S
=

Wavelength [pm]

(b)

Figure 4.5: Measured spectral traces from the (a) R-AWG and (b) comparison with
the regular AWG presented in Chapter 2.4.

peak, while in the R-AWG it is only 8 dB below. Since the only difference be-
tween both devices is the presence of SLRs, these degradations may be attibuted
to phase/amplitude errors due to the reflectors. In this way, not only sidewall
roughness can be a source of errors, but also the aforementioned grid snapping.
The SLRs are placed in positions that have not been adapted to the 5 nm grid
snapping, so the MMI bodies (width and length) may differ by £5 nm, leading
to a phase error of £7/54. Moreover, the additional bent section as a loop in the
SLR will be more sensitive to the effect of mask discretization. Both effects could
be then the cause of the worse performance for the R-AWG when comparing with
a regular AWG.

To verify the expected higher phase errors in the AWs, the OFDR technique
has been used to measure the power and phase of each AW independently, as
in Chapter 2. Measurements can be seen in Fig. 4.6 where panel (a) shows the
power distribution that does not follow the simulated Gaussian shape. Moreover,
panel (b) shows that for the R-AWG the phase errors are as high as 2 radians.
These power imbalance and phase errors are higher than for the regular AWG



4. Reflective arrayed waveguide grating (R-AWG) 63

desing, where the power distribution follows the simulated Gaussian shape and a
maximum error of 1 radian is obtained from the OFDR measurements. As has
been mentioned, the only reason for the higher phase errors in the R-AWG case is
the use of SLR that could be more sensitive to the effects of fabrication and mask
discretization.

Despite this, several design techniques can be applied to improve the perfor-
mance for the R-AWG, as for example adapting the SLR lengths, widths and
positions to the grid or increasing the bending radius to minimize the discretiza-
tion effect.

4.4 Flattened and arbitrary spectral responses

The following section presents how to tailor the spectral response of the AWG. It
was previously published in a peer reviewed journal, and is reprinted here with per-
mission: B. Gargallo, P. Mufioz, R. Bafios, A.L. Giesecke, J. Bolten, T. Wahlbrink,
and H. Kleinjans, “Reflective arrayed waveguide gratings based on Sagnac loop
reflectors with custom spectral response,” Optics Express, vol. 22, no. 12, pp.
14348-14362, (©) 2014 OSA, dx.doi.org/10.1364/0E.22.014348.

4.4.1 Flattened response

There are different techniques to flatten the spectral response of an AWG, amongst
them the use of parabolic waveguide horns [85], MMIs [38] and interferometers [86]
at the input/output waveguides. Other technique proposes the modification of the
amplitude and phase in the AWs to obtain a sinc field profile [77]. The latter builds
upon the signal theory duality between fields at both sides of the slab coupler,
through the (spatial) Fourier transform. To obtain a box like field pattern at the
output side of the slab coupler, through the diffracted (the Fourier transform)
field, a sinc distribution is required in the AWs [77,87]. As mentioned in the
introduction, the SLR based R-AWG layout allows for the modification of the
phase front by means of the phase shifters, while the amplitude can be adjusted
by means of the SLRs. Recall the Fourier transform of a II function is:

x
7{IL(%))
where A is the rectangular width, and x, y the spatial variables. Therefore, the
field at the plane x5 will be modified to adjust it to a sinc function as described
in [87]. In the formulation, the adjustment can be incorporated by the terms in
Eq. (4.4), to be precise 2j+/(1 — K,) K e 72¥rsr()e=iBlstrr() from which the
following amplitude and phase conditions are derived to turn the input far field

Gaussian profile B; (z2) into a sinc function. Hence, the amplitude condition is
written as follows:

= Asinc (Aﬂ) (4.12)

«

E—)
U=a

B; (rdy) /(1 — K,.) K, = |sinc (ard,, /)] (4.13)


dx.doi.org/10.1364/OE.22.014348

64 4.4. Flattened and arbitrary spectral responses

1
2
0.8 1.5
’;E 1
= 0.6 g 05
o g 0
04 E:
9 -0.5
EI
0.2 A
1.5
0 ‘ s ‘ 2
-20 -10 0 10 20 -
Waveguide number Waveguide number
(a) (b)

Figure 4.6: Measurement of the R-AWG using the OFDR technique: (a) power and
(b) phase errors in the arrayed waveguides.

where a will be the obtained rectangular function width when using the Fourier
transform, as is detailed below. In addition, the following phase condition is
required to turn the all positive values from the input far field Gaussian into
negative (7 shift) where needed:

0, if 282 < |pd,| < CotDe with n=0,1,...
m, otherwise

2¢ps,r (V) + BlsLr,r = { (4.14)

Under these conditions, the sinc field profile for the AWs can be introduced in
Eq. (4.4) for 2, resulting in:

foaa) = 34f2m [ TT (5 ) 3 (a2) 6 o20)-

= rd
Z § (2o — rd,,) sinc (a%)

rT=—00

® by (z3) (4.15)

Finally, the field at the plane x3 calculated through the spatial Fourier trans-
form of Eq. (4.15) is given by:

2 too
Fup o) =420 88, (@) 6 0) 3 fis (ma+pdi =+ ) a16)

T=—00

where f}, (x3) is in this case:

fir (z3) = sinc (Ndy,z3/a) @ (a/a) H (x3/a) (4.17)
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Eq. (4.17) describes the field shape at the output plane, being the second term
in the equation the obtained rectangular profile from the sinc field distribution in
the AWs.

In general, there is a trade-off between the desired channel flatness and the
acceptable channel width increase, which is inversely proportional to the number
of zeros of the sinc field distribution in the AWs. Furthermore, the use of a
more “compressed” sinc will reduce the amplitude of the obtained dual rectangular
function, i.e. the AWG will have a flatter response, but with more peak insertion
loss.

Using the same physical parameters as in Section 4.3, but for a R-AWG with
sinc field distribution in the AWSs, the transfer function is computed resulting in a
flattened spectral response. A sinc profile with a = 12 pm is incorporated. From
this distribution, the required coupling constant K, for each SLR is calculated
using Eq. (4.13). Note the use of a different coupler in each AW may introduce
a different phase shift in each arm [82], as already mentioned. For simplicity,
this phase shift has not been included in Eq. (4.14) since it can be compensated
through the phase shifters. Figure 4.7-(a) shows the field distribution at the plane
T2, being this field the summation of all the AW contributions in blue trace. On
the same figure, the sinc function applied is shown in green line. Moreover, the
secondary axis shows in red crosses the required coupling constant for each SLR
to obtain the sinc profile.

As described above, to obtain a wider rectangular function, a more compressed
sinc function at the AWs is required. However, widening comes at the expense
of increased channel insertion loss. This can also be understood by comparing
Fig. 4.3-(a) and Fig 4.7-(a), from which is clear the sinc field distribution is attained
in part by modifying the amplitude of the original Gaussian field distribution, with
partial reflectors, i.e. some signal is lost. The transfer function for the flat-top R-
AWG is shown in Fig. 4.7-(b). The flat spectral response and increased insertion
losses are clearly noticeable by comparing these results with Fig. 4.3-(b). The
obtained losses in this case are 6.2 dB and 6.8 dB for the central and side channels
respectively. The bandwidths at the points of interest are in this case 1.12 nm,
1.50 nm and 2.53 nm, for 1-dB, 3-dB and 20-dB fall from the channel center. As
expected, an increase in the channel bandwidth is attained at the expense of more
insertion losses. Note the closer these values are, the better (more box shapped) is
the response. At the sight of all the above, a variation of the sinc field distribution
in the AWs may be found numerically to that purpose. Finally, the lateral channels
shape appears slightly degraded compared to the central channels. This can be
corrected by optimizing its positions with respect to the canonical Rowland circle,
as described in [55].

4.4.2 Arbitrary spectral responses

Although the semi-analytical model in previous sections was only derived for the
Gaussian and flattened response cases, in principle it is possible to apply any de-
sired field distribution for the AWs, which will result in different spectral responses.
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Figure 4.7: Flat-top R-AWG using a sinc field distribution at the arrayed waveguides.
(a) Field at the arrayed waveguides (blue solid), the sinc profile applied
(green dashed) and SLR coupling constant k, in each arm of the array (red
crosses). (b) Transfer function from 7o to the output waveguides. (Both for
a sinc distribution with parameter a=12.0pm).

In this subsection we present several field distributions and corresponding spectral
responses, which we take from well-known Fourier transform pairs. To be precise,
we targeted triangular, decaying exponential, truncated cosine and Lorentzian
spectral responses. The mathematical expressions for these functions are listed in
Table 4.1. Hence, Fig. 4.8-(a) shows the required AWs field distributions, i.e. at
plane 5. Note the legend labels are for the target transform pair, not the actual
function employed in the field distribution for the AWs. Detailed expressions can
be found elsewhere, as for instance in [88].

Similar to the previously shown case for the flattened response (AWs sinc dis-
tribution), the required coupling factors K to be applied in each AW are shown
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Figure 4.8: (a) Field profiles at the AWs and (b) necessary coupling constants to obtain
different pass-band shapes (c¢) at the output plane.
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Function Target response | AWs field distribution | a parameter
Rectangular 11 (z/a) asinc (ay) 12.0 ym
Triangular A(z/a) a’sinc? (ay) 12.0 pm
Decaying exponential e~ lazl 2lal/ (|a|2 + (27Ty)2) 2.5 pym
Truncated cosine cos (ZZ) TT (2) Z ﬁ;% 8 pm
3) —(ya
Lorentzian %%g eyl 3.0 pm

Table 4.1: Mathematical Fourier transform pair expressions.

in Fig. 4.8-(b). Note there is no plotted value for the Gaussian case, since all the
SLRs use K = 0.5 for full reflection. An additional important remark is how the
regular Gaussian field distribution ingoing to the array is transformed into the
targeted one. In principle some field distributions, can have amplitudes higher
than those of the Gaussian for some of the waveguides in the array. This would
require amplification, which is not contemplated with the proposed SLR-based
layout. Therefore, the targeted profile needs to be inscribed under the starting
Gaussian profile. Hence, the amplitude in each AW needs to be reduced to inscribe
the profile inside the Gaussian, at the cost of more insertion losses. This is the
result in Fig. 4.8-(a), where all the field profiles at the AWs have amplitude levels
below the starting Gaussian distribution.

The flat spectral response case, developed in Section 4.4.1, shows the shape
of the field at the output plane given by Eq. (4.17). For all the targeted spectral
responses, this far field at the output plane is plotted in Fig. 4.8-(c) for A\g. The
far field is not exactly the Fourier transform pair of the AWs field distribution
in Fig. 4.8-(a). As expressed in Eq. (4.17), the field profiles at xzo have a finite
extensions (i.e. a finite number of AWs is employed), therefore the field profiles
are truncated and the far field is in fact the convolution between a sinc function
(Fourier transform of a truncation function in the array) and the Fourier transform
of the profile applied at the AWs. From all the curves in Fig. 4.8-(c) the triangular
function case (red line) is the most suitable to understand this fact. Ideally, for an
infinity (unpractical) number of AWs, one would expect a perfect (sharp) triangular
shape, but in practice the truncation by a finite number of waveguides results in
some smoothing in the curves.

In addition to this intrinsic smoothing, the corresponding end-to-end transfer
functions for the R-AWGs involves the calculation of the convolution integral be-
tween the (already smoothed) far field at the output plane and the mode at the
output waveguide, as described by Eq. (4.8). The transfer functions are depicted
in Fig. 4.9, using linear units, for the output waveguide o3, placed at the center of
the slab coupler.
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Figure 4.9: Transfer function (linear) in one output waveguide for each different profile
applied: (a) Gaussian, (b) rectangular, (c) triangular, (d) decaying expo-
nential, (e) truncated cosine and (f) Lorentzian functions.
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4.5 Conclusions

The R-AWG using SLR as reflectors at the AWs has been proposed and analyzed
in this chapter. This layout, in its most basic form without phase shifters and sim-
ilar reflectors in each arm, can perform in tha same way than a regular AWG. As
an advantage, the size is dramatically reduced, obtaining an improvement in the
cost per device. Moreover, the use of phase shifters and tunable couplers enables
the control of the field amplitude and phase per arm, obtaining the possibility of
tailoring the spectral shape of the R-AWG pass-band channels. For this reason,
a theoretical model for the analysis and design of the R-AWG is provided in this
chapter. The validity of this model has been checked by means of the comparison
of a regular AWG and a R-AWG fabricated in the same chip. Even though both
AWGs perform in the same way in terms of channel spacing, FSR and central
wavelength, several degradations are observed in the R-AWG compared with the
AWG. Possible error sources are discussed through the chapter, being the fabri-
cation problems and the grid snapping that causes differences between arms the
most likely.

As a chapter outlook, different spectral shapes using the phase shifters and
the variable couplers in AWs are presented. For completeness, an example of use
of the sinc function AW field distribution to obtain a box-like pass-band shape is
provided. This sinc function in the AWs will be introduced by means of the com-
bination of phase shifters and SLRs whose reflectivity is set through the coupling
constant of te optical coupler. Moreover, different field profiles to apply in the
AWs to obtain different tailored pass-band shapes are provided.

The contents of the chapter have been published in the following journals and
conferences:

e B. Gargallo, P. Munoz, R. Bafnos, A.L. Giesecke, J. Bolten, T. Wahlbrink,
and H. Kleinjans, “Reflective arrayed waveguide gratings based on Sagnac
loop reflectors with custom spectral response,” Optics Ezpress, vol. 22, no.
12, pp. 14348-14362, 2014.

e B. Gargallo, P. Mufioz, R. Bafios, A.L. Giesecke, J. Bolten, T. Wahlbrink,
and H. Kleinjans, “Reflective Arrayed Waveguide Grating with Sagnac Loop
Reflectors in Silicon-on-Insulator with Gaussian Pass-band,” in Proceedings
of the 17th European Conference on Integrated Optics (ECIO), Nice, France,
2014.

e B. Gargallo, P. Munoz, R. Bafnios, A.L. Giesecke, J. Bolten, T. Wahlbrink,
and H. Kleinjans, “Silicon-on-insulator reflective arrayed waveguide grating
with sagnac loop reflectors,” in Proceedings of the 40th European Conference
on Optical Communication (ECOC), Cannes, France, 2014.

e B. Gargallo, P. Munoz, and R. Bafios, “Reflective Arrayed Waveguide Grat-
ing in Silicon-on-Insulator with flattened spectral response,” in Proceedings
of the 19th Annual Symposium of the IEEE Photonics Benelux Chapter, En-
schede, The Netherlands, 2014.
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e P. Mufioz, B. Gargallo, G. Mic6, D. Pastor, and A. Ortega-Monux, “Recon-
figurable integrated optics spectrometer,” in Photonics North 2015, Ottawa,
Canada, 2015.

Last but not least, two intellectual property results have been registered related
to the activities in this chapter:

e B. Gargallo, P. Munoz, J. Capmany, and J.S. Fandino, “Dispositivo AWG
reflectante con respuesta espectral configurable implementado con reflectores
de Sagnac,” OEPM P201331792 / ES2540378 - PCT/ES2014/070782, 2013.

e B. Gargallo, P. Munoz, D. Pastor, and G. Micé, “Integrated Optics Sensing
Spectrometer (I0SS),” ref. R-17050-2014, 2014. Spanish patent being filed
at the time of writing this thesis.

These were attempted in the late stages of the thesis, and their experimental
validation is left to be attempted in future research.
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Chapter 5
Wavelength scanning AWGs using
Surface Acoustic Waves

Along the realization of this PhD thesis, different AWG funciontalities have been
subject of research. In this chapter, the combination of Surface Acoustic Waves
(SAW) and an adapted design of a regular AWG, for continous multi-channel
wavelength scanning is presented.

5.1 Introduction

In a regular AWG, as discussed in the previous chapters, the incremental length
between the AWSs provides a wavelength-dependent linear phase front. As a result,
the combination of this phase front with a free propagation region results into the
focusing of different wavelengths to different output spatial positions, obtaining a
multi/demultiplexer device. When the linear phase front is changed along time,
dynamic allocation of the wavelength channels can be obtained.

Several techniques have been previously reported in order to introduce a dy-
namic phase shift in arrayed waveguides, as for example the use of metamateri-
als [89] or taking advantage of the electro-optic [90], non-linear optical [91] or the
thermo-optic [92] effects. As a drawbacks, the first two approaches require extra
fabrication processes and the last two require long structures. For this reason, the
acousto-optical effect proposed in [93-97], where a surface acoustic wave (SAW)
can introduce a controlled phase shift in the waveguides, is envisaged as promising.

In this section, the proof of concept of an AWG whose channels are tuned by
means of a SAW (AWG-SAW) is discussed. The device has been fabricated in
AlGaAs technology, and measurements are provided to validate the concept.
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Figure 5.1: Schematic of the AWG-SAW, where the arrayed waveguides are placed be-
tween two interdigital transducers (IDTs). FPR stands for free propagation
region and SAW stands for surface acoustic wave.

5.2 Operation principle

A schematic of the device is shown in Fig. 5.1. Basically, it is composed of a regular
AWG where two interdigital transducers (IDTs) are placed at both sides of the
arrayed waveguides. These IDTs will generate a surface acoustic wave (SAW) that
modulates the AWs and dynamically modifies the output channel.

For completeness, the operation of the AWG, extensively discussed in Chap-
ters 2 and 4, is revisited in the following lines. In the AWG, the incremental
length between the arrayed waveguides introduces a linear phase shift that, com-
bined with the output FPR, will focus the different wavelengths in different output
spatial positions. Due to the fixed incremental length, for different wavelenghts
the linear phase front slope is different (Section 2.2), hence they are focused to
separated spatial positions. If the lineal phase front slope is externally modified,
it is possible to redirect the wavelength components from one output waveguide to
another one, obtaning a dynamic device. When applying a surface acoustic wave,
a phase shift A¢ will be introduced in each of the waveguides due to the acousto-
optic and electro-optic effects associated with the strain and piezoelectric fields,
respectively. In the case of study the former dominates, and the latter can be
omitted. The phase shift introduced by the SAW will be then formulated as [94]:
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nodes and anti-nodes for two different times. These positions are calculated
to obtain a linear phase front, i.e. (k1,...,k5) = (F1,F1/2,0,£1/2, £1).

2l
A(b: /{DTAneff:a,p\/PIDT (51)

where [;pr is the interaction length between the light and the acoustic wave,
A is the wavelength, Ancs; is the variation of the AW effective index due to
the SAW, a,, is a constant that depends on the elasto-optical properties of the
material and the overlap between optical and acoustic fields [98], and Prpr is the
radio-frequency (RF) power applied to the IDT. Then, the effective index in the
waveguide number j can be expressed as:

Meff(j) = Negs + KjAnegs cos (Wsawt) (5.2)

where ngf s 1s the AW effective index when no SAW is applied, r; is the weight
factor that accounts for the amplitude and the phase of the modulation in the jth
AW, wgaw is the SAW angular frequency and ¢t is the time. For the regular AWG,
the length of the AW number j can be expressed as [34,99]:

Li=lo+Al(j—1) (5.3)

where [g is the length of the shortest arm in the array and Al = mAo/ng;; is the
incremental length between the arms. The phase match condition for the output
plane in the device will be [7,34]:

2m
A

where neyy is the effective index for the AWs, n is the effective index for the FPRs,
d,, is the separation between AWs, 6 is the dispersion angle and n is an integer

(nef Al + ngdy, sin @) = 2nm (5.4)
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Figure 5.3: Structure of the simulated (Al,Ga)As cross-section.

number. With this equation, it is possible to calculate the dispersion angles where

the output waveguides will be placed:
AN\ [ n
(—) ( ff) - 11 (5.5)
Ao ) \ Tess

~ neffAl
o) = ( nsdy )

In the last equation, if Ag is used, the dispersion angle will result zero, so
the central wavelength will be focused at the center of the output plane, as was
mentioned before. When a SAW is applied in the IDTs, there will be a modification
of the dispersion angle in terms of time. For this reason, Eq. (5.5) can be rewritten
introducing the shift in the effective index accounted in Eq. (5.2) as:

0
o (st ALY | (AN (Teps )
9()\) ~ ( nod ) (/\0 Moty 1| +0saw ()\) (5.6)
where
l
Osaw ()\) = — (22A2/ ) (”j-i—l — Kj) Aneff Ccos (wSAwt) (57)

where lgaw is the interaction length between the surface acoustic wave and the
arrayed waveguides. From this last two equations, it is possible to determine
the response for the AWG when no SAW has been applied, and also the channel
shift depending on the time when the SAW has been applied. As a conclusion, if
the variation of the dispersion angle is carefully designed, it is possible to obtain
that one wavelength channel will be shifted through all the output waveguides.
Because the phase difference introduced by the SAW modulation has to increase
linearly between contiguous waveguides, the relative position among the AWs will
be determined by the positions where the relative amplitude of the SAW increases
linearly, being possible to use different periods. As an example, for the case of 5
waveguides in the array, Fig. 5.2 shows the positions where the AWs will be placed.
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Figure 5.4: Microscope picture (a) of the fabricated device and (b) zoom of the mod-
ulated region where D ~ 6.53 pm.

5.3 AlGaAs technology

Some devices were designed and fabricated using the AlGaAs platform offered by
the Paul Drude Insitute (PDI) in Berlin. These materials offer a good compromise
between the index contrast in the processed optical waveguides and its acoustic
properties. The structure of the simulated cross-section is shown in Fig. 5.3.
The guiding layer consists of a 300-nm-thick GaAs film, which is deposited on a
1500-nm-thick Alp2GaggAs buffer layer. Both layers are grown on a (001) GaAs
substrate. Then, the waveguide is etched 150 nm, obtaining the final cross-section.

Finally, the IDTs were fabricated using a three layer metallization of Ti/Al/Ti
with a lift-off process in a split-finger configuration for efficient SAW generation.

5.4 Design, fabrication and characterization

In the aforementioned platform, the following design parameters were used. The
width of the waveguide cross-section is 900 nm, and the core of 300 nm is shallowly
etched down to 150 nm. The IDTs were designed for a SAW wavelength of Agayw =
5.6 um [100], corresponding to a resonance frequency of approximately 520 MHz,
with finger width and spacing of 700 nm and a length of 120 pym, as determined
by the IDT aperture. From this data, the width of the AWs corresponded to
approximately Asaw /6. This width was narrow enough to ensure a constant
acoustic amplitude of modulation [94,95] but suitable to be fabricated with typical
etching techniques as well.

The AWG-SAW was designed to operate at a wavelength of Ay = 900 nm for
TE polarization. From the cross-section simulations, the effective index for the
900 nm width waveguide nss is 3.4872 and the effective index for the FPRs n,
is 3.4669. The focal length was calculated to be 105.305 pm and the incremental
length between AWs Al = 18.43 um. As discussed before, the most important
parameter when designing AWG-SAWs is the separation between the arrayed wa-
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Figure 5.5: Dynamic response of the device: (a) simulations and (b) measurements
when a SAW with a power Prpr = 80 mW is applied in the IDTs. Light
entering to the device has a A = 899 nm and TE polarization. Only one
acoustic period is shown.
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veguides, as they have to be in positions where the amplitude relation of the
standing wave remains linear. Considering the periodic nature of the SAWs, the
separation between AWs that enables to obtain the linear change was 6.53 pm.
For this particular design, the number of AWs was set to 5. Although an optimum
imaging condition is obtained increasing the number of AWs, this improvement
is at the expense of increasing the Agaw, consequently obtaining slower time re-
sponse. Figure 5.4 shows a microscope picture of the fabricated device (left part)
and the detail of the AWs between the two IDTs. The total size for the fabricated
devices shown in the picture is 4.7 x 2.7 mm?.

The response of the AWG device for no SAW applied was calculated using the
models in Chapter 2, implemented in MATLAB/Octave [101,102]. Figure 5.6-(a)
shows the results, from which it is possible to derive that the maximum channel
imbalance is around 3 dB and the channel insertion loss is approximately 10 dB.
The motivation behind these high insertion loss per channel lies in the use of a
very low number of AWs.

By design, when no SAW is applied in the device, stating from the central
input waveguide, the central design wavelength will be focused to the central
output waveguide. When the SAW is applied in the AWs, each channel will be
shifted, to the adjacent output in the present design, durign the SAW period. To
obtain a complete shift from one channel to the rest of channels, an additional
1.26 radians phase shift in the AWs would be required. For the designed IDT
length of 120 pm, the required effective index change in each arrayed waveguide
would be {—3.02, —1.51,0,1.51,3.02} x 1073, for j = 1 to 5, respectively.

For the device characterzation, a superluminescent diode (SLD) with peak
emission at 920 nm and a full width at half maximum of 40 nm was employed
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Figure 5.6: Response of the designed AWG-SAW from the central input waveguide and
for TE polarization: (a) simulations and (b) measurements.

as a source, and the light was edge coupled into the photonic chip by means of a
lensed fiber. Then, the transmitted light from the device was out-coupled from the
chip to a single mode fiber using a 20x objective. The desired polarization was
selected using a linear polarizer just before a beam splitter where half of the light
was measured using a monochromatic CMOS camera to track the coupling. The
other half arrived to a monochromator where different wavelength channels were
spatially separated and the total spectral response measured by a CCD camera.
Time-resolved measurements were obtained using a Si avalanche photodiode with
a time resolution of 500 ps or a micro-channel plate photomultiplier tube with a
time resolution of 300 ps. Both detectors were syncrhonized with the RF signal
driving the IDTs and provided by an RF generator.

Figure 5.5-(a) shows the simulations when a SAW with a power P;pr = 80 mW
is applied in the IDTs. These simulations were performed using the central input
waveguide with A = 899 nm and TE polarization. From the results, the light os-
cillates between the preset channel (3) to the neighbour channels (2 and 4). Note
that trace for channels 2 and 4 are de-phased by 180° with respect to each other
because maximum transmission in each of these channels occurs when the cosine
term in Eq. (5.2) is 4+1 or -1. In contrast, two maxima in the transmission occurs
for the times when the standing SAW vanishes and then transmission happens
for designed case, i.e. light from input 3 focuses in output 3. No modulation is
observed in channels 1 and 5, since the applied SAW only enables to obtain oscilla-
tion from the preset output channel to the adjacent waveguides. As a comparison,
Fig. 5.5-(b) shows the measurements from the fabricated device, obtaining a very
good agreement with simulations.
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5.5 Conclusion

A novel technique to dynamically tune the AWG has been presented. It is based on
a standing surface acoustic wave that enables to introduce a linear phase shift in the
arrayed waveguides of the AWG. The linear phase changes will shift the different
wavelength channels between the output waveguides at different times. This device
can operate in the low GHz range and, from measurements, modulation times of
1.9 ns have been demostrated. Comparing with other modulation techniques, the
SAW offers a good compromise between operation speed and chip size.

The results of this chapter were obtaiened in close cooperation with Dr. Mauri-
cio Morais de Lima and Antonio Crespo-Poveda (measurements of the devices),
from Universitat de Valéncia, and Dr. Paulo Santos (fabrication) from the Paul
Drude Institute Berlin. The results obtained from this chapter have been published
in the following conferences and journals:

e A. Crespo-Poveda, R. Hey, K. Biermann, A. Tahraoui, P.V. Santos, B. Gar-
gallo, P. Munoz, A. Cantarero, and M.M. de Lima, “Synchronized photonic
modulators driven by surface acoustic waves,” Optics Express, vol. 21, no.
18, pp. 21669-21676, 2013.

e A. Crespo-Poveda, A. Herndndez-Minguez, B. Gargallo, K. Biermann, A.
Tahraoui, P.V. Santos, P. Munoz, A. Cantarero, and M.M. de Lima, “Acous-
tically driven arrayed waveguide grating,” Optics FExpress, vol. 23, no. 16,
pp. 21213-21231, 2015.

e A. Crespo-Poveda, B. Gargallo, I. Artundo, J.D. Doménech, P. Munoz, R.
Hey, K. Biermann, A. Tahraoui, P.V. Santos, A. Cantarero, and M.M. de
Lima, “Photonic Mach-Zehnder modulators driven by surface acoustic waves
in AlGaAs technology,” in Proc. SPIE 8989, Smart Photonic and Opto-
electronic Integrated Circuits X VI, paper 898905, San Francisco, California,
United States, 2014.

e A. Crespo-Poveda, K. Biermann, A. Tahraoui, P. Santos, B. Gargallo, P.
Munoz, A. Cantarero, and M.M. de Lima, “Integrated Photonic Devices
Driven by Surface Acoustic Waves,” in Proceedings of the 17th FEuropean
Conference on Integrated Optics (ECIO), Nice, France, 2014.



Chapter 6
Thesis conclusions and outlook

6.1 Conclusions

The realization of all the objectives proposed at the beginning of this Ph.D. has
been attained with the following conclusions:

e The analytical model to describe the operation of AWGs presented in [34] is
used in Chapter 2 to develop the first version of the AWG design libraries.
These libraries can be used to design regular AWGs following an orthogonal
layout and are tested in two of the most important integration technologies
(SOT and InP). Moreover, SisN,; AWGs are reported in Appendix A, due to
the lack of experimental results. From the comparison, InP AWGs seem to be
better in terms of crosstalk and side lobe level due to the lower index contrast
that implies lower phase errors, but SOI technology enables to obtain smaller
devices since it permits the use of lower bending radius. Although SizNy
AWGs were fabricated and characterized, no conclusions can be drawed from
this technology due to the fabrication errors affecting all the devices. The
AWG design libraries developed in this chapter have been licensed to the
UPV Spin-Off company VLC Photonics S.L.

e In Chapter 3 the formulation introduced previously is extended for the case
where different subsets of arrayed waveguides are used. This results in a
variation of the AWG called interleave-chirped arrayed waveguide grating
(IC-AWG). The theoretical model is able to describe the three fold oper-
ation of the device: channel demultiplexing, polarization splitting and 90°
optical hybrid, obtained through the introduction of different base lengths
in each subset of waveguides. The device has been fabricated in InP tech-
nology using four subsets to obtain the four different phase relations at the
output. Measurements using a Mach-Zehnder interferometer as auxiliary
input shows a good performance in terms of phase shift at the output wave-
guides, obtaining the necessary phase relations for each channel, and proving
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that the channel demultiplexing and 90° optical hybrid operations are ob-
tained. Finally, the polarization splitting operation is achieved due to the use
of birefringent waveguides. However, birefringence is higher than expected
from simulations, so it is necessary to include feedback from fabrication for
the design of IC-AWGs.

The formulation of the AWG is also extendend in Chapter 4 for the case
where the AWG is cut in half and the arrayed waveguides are ended with re-
flectors. This reflective type of AWG, called R-AWG, can be used to reduce
the size of the device and thus decrease the price of fabrication. Moreover,
the use of tunable couplers and phase shifters is useful to obtain different
pass-band shapes. For the proof of concept, a R-AWG where all the reflectors
are the same with total reflection is designed and fabricated in SOI technol-
ogy. Then, it is compared with a regular AWG fabricated in the same chip.
Degradations in the pass-band shape can be observed in this comparison,
mainly attributed to design of the Sagnac loop reflectors used at the end of
the arrayed waveguides. In any case, the theoretical model developed in this
chapter can be used to explain the functionality of R-AWGs and introduce
the tunability of the pass-band shape.

Finally, the last chapter of this thesis is devoted to develop one new AWG
functionality, an AWG driven by surface acoustic waves, called AWG-SAW.
This device can be tuned by means of a SAW, introducing a controlled phase
shift in the arrayed waveguides. The theoretical expressions to describe
the functionality of the device are provide during this chapter, providing
the necesary design equations. The device has been fabricated in AlGaAs
technology since in this material the acousto-optic effect is high enough to
modify the phase in the AWs and tune the AWG response. Simulations using
the theoretical model are in good agreement with the static and dynamic
measurements of the device, obtaining operation in the low GHz range.
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6.2 Outlook

After the work developed in this thesis, there are some open research lines that
may be continued:

e The development of the design libraries for regular AWGs presented in Chap-
ter 2 to include not only the orthogonal layout but also Smit and S-type
layouts in technologies other than SizNy.

e The fabrication of regular AWGs in SizN, technology in a mature platform
using the developed design libraries to test and compare the three most used
technologies (SOI, InP and SizNy).

e The design, fabrication and characterization of R-AWGs presented in Chap-
ter 4 in other integration technologies where phase errors are lower than in
SOI technology, as for example InP.

e The fabrication and characterization for the R-AWG with custom spectral re-
sponse presented in Chapter 4 to obtain different tailored pass-band shapes.
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Appendix A

Silicon Nitride AWGs

A.1 Overview

The AWGs in this appendix were designed for and fabbed in the Silicon Nitride
technology of the National Center for Microelectronics of Barcelona, Spain '. This
technology offers guidance of light in a wavelength range from visible (around
400 nm) to mid-infrared (2.3 pm) [103], giving room to applications other than the
typical in communications: spectrometry, sensing, lab-on-a-chip systems, optical
coherence tomography, multispectral light source, point of care cytometer and
vital multi-degree-of-freedom sensor on chip, among other.

This platform, following the concept of generic integration introduced in Sec-
tion 1.2, incorporates fundamental building blocks such as waveguides, bends,
multimode interference (MMI) couplers, waveguide transitions and input/ouput
tapers. However, AWGs are not part of the PDK and had not been demonstrated
before.

Two different cross-sections are available in this platform: deep and shallow
(Fig. A.1). In the deep waveguides, the light is more confined in the core than in
the shallow waveguides. Thus, smaller bending radius can be achived for deep wa-
veguides. However, deep waveguides have higher losses than shallow waveguides,
due to sidewall roughness (that causes optical scattering) induced during the etch-
ing process (deep waveguides are etched down the 300 nm of the Silicon Nitride,
and shallow aveguides only the first 150 nm).

In the platform, two additional process steps are offered: metalization and
selective area trenching, as is shown in Fig. A.1. Selective area trenching exposes
the evanescent field of the waveguides, that may interact with different substances
filling the trench, for sensing applications. The trenches may also be useful for heat
isolation, since the heat conduction in air much smaller than in the materials used
in the layerstack. Moreover, thermo-optic heaters are used in several components

LA process co-developed by VLC Photonics, a spin-off from the Universitat Politécnica de
Valéncia (Valencia, Spain).
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Shallow Deep Metallization Selective trenching
waveguide waveguide

Figure A.1: Available cross-sections and extra process steps available in the CNM-VLC
Photonics MPW.

in photonics, as for instance in optical phase shifters and modest speed modulators
(speed up to few kHz).

A.2 Design, fabrication and characterization

Two chips were designed and fabbed, employing cells in the MPW run of different
sizes !. For this first run, the main idea is to use the AWG libraries to design and
fabricate regular AWGs as a test of the technology.

The design for the large cell layout is shown in Fig. A.2-(a) and a microscope
photograph of the fabricated chip is provided in Fig. A.2-(b). AWGs with three
different channel spacings (100, 200 and 400 GHz) and three different i/o waveguide
widths in the slab coupler-array interface (1.5, 2.0 and 3.0 um) were included. The
arrayed waveguides (AWs) were fabricated in the deep cross-section using a width
of 1.0 ym to reduce the cross-talk due to phase noise [47]. Thus, these sections
will be no longer single-mode, but due to the use of adiabatic transitions (i.e. no
high-order modes are excited) and the no presence of bends, coupling to high-order
modes should be small. As a result, the field in this sections is not highly confined
in the waveguide core, being more tolerant to the phase errors arising from sidewall
roughness [47]. The bend radius in the PDK for the deep waveguide was set to
50 pm.

For the medium die size, one AWG with a channel spacing of 50 GHz and
two 200 GHz AWGs are designed. The mask layout for this design can be seen
in Fig. A.3-(a) and a microscope picture of the fabricated devices is shown in
Fig. A.3-(b).

The most important parameters for the designed and fabricated devices in the
CNM-VLC Photonics MPW run can be found in Table A.1. In this case, the 2.0 ym
width input/output waveguide designs were chosen as a reference, and AWGs with
a channel spacing of 50, 100, 200 and 400 GHz were designed. As is explained in
[46], if the channel spacing is maintained, different FSRs can be obtained increasing
the focal length or decreasing the arrayed waveguides spacing. Increasing the focal
length will result in bigger AWGs, obtaining higher propagation losses and phase

ITwo different user area sizes available: medium and large. The sizes are 5.5x5.5 mm? and
11x5.5 mm?, respectively.
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Figure A.2: Chip design (a) and fabricated cell (b) (5.5x11 mm?).
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Figure A.3: Design for the medium size cell in the CNM-VLC MPW run: (a) layout

and (b) microscope picture.
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Figure A.4: Simulations for the AWGs, using the 2.0 pum width deep cross-section in the
interface between the slab coupler and the AWSs, when a channel spacing of
(a) 100 GHz, (b) 200 GHz and (c) 400 GHz is chosen. (d) Measurements
for the 400 GHz AWG using the 1.5 pm width deep cross-section in the
interface between the slab coupler and the AWs.

errors. In the case of decreasing the AWs spacing, the size of the AWG will
remain the same but the number of AWs will increase. Then, some variations
were introduced in the width of the arrayed waveguides and the length of the slab
couplers, in order to study the performance of these devices for different FSRs.
Note that typical test structures were introduced in every chip, in order to
derive information on the fabrication process. As a test structures it is possible to
find deep and shallow straight waveguides of different widths, 1x2 and 2x2 mul-
timode intereference couplers and Mach-Zehnder interferometers were included.
For example, the source spectrum after traversing the straight waveguides is used
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Figure A.5: SEM picture of the pilot CNM run showing side-wall roughness.

to normalize the response of every device in the chip, so as to correct the source
non-uniform spectrum (typically an ASE source) and the in/out coupling losses.
This group of test structures will be repeated during this thesis in every design
made and in any technology, sometimes including new ones when some additional
functionality needs to be tested.

The simulations for the designed 100, 200 and 400 GHz AWGs are shown in
Figs. A.4-(a), (b) and (c). In the simulations, typical propagation losses for this
technology (around 0.5 dB/cm) were not included. The AWG insertion losses in
the graphs, correspond then to the diffraction losses [34].

Since the devices were fabricated in a pilot run for this technology, issues
derived from the fabrication process made impossible to characterize most of the
AWGs. From SEM pictures, Fig. A.5, the sidewall roughness in the waveguides is
high, due to the lack of an annealing process in the SiNx layer to obtain smoother
waveguides. Thus, the measured propagation losses on-chip for this run are higher
than 2 dB/cm, while 0.5 dB/cm were expected as maximum. Moreover, chip facets
were not correctly cut, making difficult to couple the light in/out of the chip.
Finally, the lithography process for the waveguide definition reduced the designed
waveguide width in 200 nm. For these reasons, only measurements for the 400
GHz AWG using waw = 1.5 pym are shown in Fig. A.4-(d). From measurements,
the central wavelength Ag is 1548 nm, the separation between channels A\, is
3.3 nm and the FSR is 64.64 dB. This deviation in the design parameters is mainly
attributed to the fact that the fabricated waveguide widths are not the designed
ones. The side-lobe level is around 10 dB in the worst case. The losses per channel
are between 9 and 12 dB, as was commented mainly due to the side-wall roughness
that induces losses around 2 dB/cm (while 0.5 dB/cm maximum is expected for
this technology).



DIE | Afon | wio | waw | gaw | Nio |FSR | N | m | L; | AL | BW | DE
[GH] | [pm] | [pm] | [jm] ] ] | [jom]
L 400 2.0 1.5 0.6 9 57.6 71 22 | 119.8 | 21.7 | 0.5 NO
L 400 2.0 2.0 0.6 5 32.0 | 65 |40 | 1359 | 394 | 0.3 NO
L 400 2.0 3.0 0.6 9 57.6 71 | 22| 2054 | 21.7 | 0.5 NO
M 200 1.0 1.0 1.6 9 28.8 | 109 | 31 | 110.2 | 30.5 0.5 NO
M 200 1.0 1.0 0.6 17 40.8 65 | 44 | 100.9 | 43.3 0.4 NO
L 200 2.0 1.5 0.6 9 28.8 | 119 | 44 | 199.7 | 43.3 0.3 NO
L 200 2.0 2.0 0.6 9 28.8 71 | 44 | 148.3 | 43.3 0.5 NO
L 200 2.0 3.0 0.6 9 28.8 71 | 44 | 2054 | 43.3 | 0.5 NO
L 200 2.0 2.0 0.6 9 28.8 | 119 | 44 | 247.2 | 43.3 0.3 | YES
L 100 2.0 1.5 0.6 17 27.2 | 133 | 47 | 224.3 | 46.3 0.5 NO
L 100 2.0 2.0 0.6 17 272 | 133 | 47 | 277.7 | 46.3 | 0.5 NO
L 100 2.0 3.0 0.6 17 272 | 133 | 47 | 384.5 | 46.3 | 0.5 NO
M 50 2.0 2.0 0.6 17 20.4 | 159 | 62 | 382.8 | 61.0 0.5 NO

Table A.1: Summary of the AWGs designed for the silicon nitride devices run. Abbreviations: DIE stands for die size (L: large,
11x5.5 mm?; and M: medium, 5.5x5.5 mm?), Afe, for channel spacing, wro for input/output waveguide width, waw for
arrayed waveguide width, gaw for gap between arrayed waveguides, N7o for number of input/output waveguides, FSR
for free spectral range, N for number of arrayed waveguides, m for grating order, Ly for focal length, AL for incremental
length between arrayed waveguides, BW for channel bandwidth as a fraction of the channel spacing, and DE for double
etched (YES) or single etched (NO) waveguide in the array.
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Appendix B

AWG layouts

As has been mentioned through this thesis, the AWG is composed of two free
propagation regions and a group of arrayed waveguides with an incremental length
between them [7]. For the design layout, several geometries have been discussed
in the literature, being the two most typicals the orthogonal layout presented
in [54] and the Smit layout introduced in [104]. However, other layouts have
been proposed to avoid phase errors [105], reduce channel spacing [106] or obtain
broadband multiplexers [107].

From the large variety of options, three different layouts have been implemented
in the AWG design libraries (Appendix C): the orthogonal, the Smit and the
S-type layouts. In this appendix, the lyaout structure and the advantages and
disavantages of each layout will be explained.

B.1 Orthogonal layout

In the orthogonal layout, all the waveguides have approximately the same length in
the bend sections and the incremental length is introduced in the straight sections,
as is shown in Fig. B.1-(a). The strenght of this layout lies in that the arrayed
waveguides have the same number of bend sections and almost all the incremental
length between arrayed waveguides is introduced in the straight sections, so the er-
rors derived from the different effective index calculations for different waveguides
are avoided. In opposition, this layout increases drastically when the incremental
length between arrayed waveguides is large (i.e. reduced free spectral ranges).
Also, if the incremental length between arrayed waveguides is small, straight sec-
tions on top of the AWG can be overlapped. Due to the fact that a high number
of arrayed waveguides run parallel long distances, it is possible to obtain cross-talk
between the waveguides.
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B.2 Smit layout

In the Smit layout, Fig. B.1-(b), the incremental length between arrayed wavegui-
des is introduced in bend sections with different radius. As a result, the layout
is generally smaller than in the case of the orthogonal layout. Moreover, it is
more flexible to obtain lower and higher free spectral ranges than in the case of
the orthogonal layout. On the other hand, the use the difference between arrayed
waveguides where different radius are used implies that the calculation of the ef-
fective index should be very accurate for each arrayed waveguide to avoid possible
design errors. In addition, bend sections have higher losses than straight sections
for reduced radius, so it should be necessary a compromise between size and losses.
Finally, low index contrast technologies usually have large bending radius, so the
reduction of size is not an advantage for these technologies.

B.3 S-type layout

The S-type layout shown in Fig. B.1-(c) is suitable for applications where a large
free spectral range is required, and the small incremental length between arrayed
waveguide makes impossible to use the other layouts. Thus, it is possible to obtain
very large free spectral ranges, since it enables to introduce small incremental
lengths between arrayed waveguides. On the other side, the arrayed waveguide are
very long, which introduces higher propagation losses and phase errors compared
with other layouts. Moreover, the long arrayed waveguides imply that the size for
the complete layout is usually very big.



96

B.3. S-type layout




Appendix C

AWG libraries

As has been mentioned through this thesis, AWG design libraries for different
technologies/materials have been developed to obtain an AWG layout from the
high level parameter requirements. These libraries also provide the framework to
simulate the designed AWG in a mathematical software as Octave/Matlab.

C.1 Introduction

C.1.1 Libraries provided in this version

In this library version, the next layouts for specific technologies or foundries are

provided:

Layout

Technology | Foundry

Orthogonal

Smit

S-type

InP HHI

SMART

Oclaro

SizNy CNM

TripleX

SOI Thin SOI

VTT

Imec

IME

SSENENENENENENENEN

SNENENENENENENENEN

C.1.2 Available waveguides from each foundry

For each technology/foundry, the next waveguide cross-sections are available to

design AWGs:
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Foundry | CNM HHI SMART SOI VTT
Degw [pm] | [1.0,1.5] | [1.5,2.0] | [1.2,3.0 0.45 2.4
Depqw [pm] | [1.0,1.5] | [1.5,2.0] | [1.2,3.0 0.45 2.4
DewgR[pm] | > 25 > 225 > 100 >5 > 150
Shew [pm] | [1.0,1.5] | [1.5,2.0] | [1.8,2.2] 2.0 2.4
Shyqw [pm] | [1.0,1.5] | [1.5,2.0] | [1.8,2.2] 2.0 2.4
ShyaR[pm] | =100 | >5000 | > 100 >250 | > 3000

wol [pm] | [1.5,1.6] | [1.5,1.6] | [1.53,1.57] | [1.5,1.6] | [1.25,1.35]

where Degw stands for deep straight width, Depgw for deep bend width, Depg R
for deep bend radius, Shgw for shallow straight width, Shyqw for shallow bend
width, ShpqR for shallow bend radius and wvl for wavelength.

C.1.3 Different layouts

The module currently supports 3 types of AWGs: Orthogonal, Smit and S-type,
as is explained in Appendix B.

C.1.4 Single-etched and double-etched AWG

When designing the AWGs, it is possible to choose between a single-etched or
a double-etched slab coupler. Typical AWGs are designed to be double-etched,
what means that the slab couplers will be fabricated in the shallow cross-sections
and also their input/outputs, while the arrayed waveguides (where the incremental
length will be introduced) should be fabricated in deeply etched cross-sections. The
main reason for such structure is to reduce the losses and the possible reflections
in the interface between the slab coupler and the waveguides, since deeply etched
waveguides cause a large discontinuity in this interface. Figure C.1 shows the
difference between etching levels in the mask and in a fabricated device. It is up
to the designer to choose a single-etched or double-etched AWG depending on the
technology and the requirements. To know more about how to choose between
etching levels in the AWG, please refer to Section C.2.4.

C.1.5 AWG layout with parameters

Figure C.2 shows the AWG with the parameters that can be modified. Please refer
to Sections C.2.4 (parameters in blue) and C.2.5 (parameters in black) to further
details.

C.2 Drawing an AWG

This section describes how to draw an AWG for one specific technology. Note that
it is possible to use a different technology/foundry if it has been implemented.
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(a) Single-etched AWG (b) Double-etched AWG

Figure C.1: Etching levels in the Slab coupler

For more information about implemented technologies and layouts, please refer to
Section C.1.1.

C.2.1 Loading the AWG module

The first thing to do when loading the AWG module is to enable the foundry
that we are going to use. In this case, the selected technology will be CNM. The
procedure to do it is the next one:

/] = e
// LOAD AND SELECT FOUNDRY, PACKAGING AND DESIGN HOUSES
pda::loadFoundry ("foundryCNM") ;

pda::enableFoundry ("CNM");

#include Qtopview;

If necessary, it is possible to include additional foundry files. Please, contact your
selected foundry or design house to obtain more information about additional files.
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As an example, CNM provides the design kit (PDK) in additional files that have to
be included:

#include "cnm_library_02_MaskCrossSection.spt";

tap_ba_bend
= T

arm_Ndummy

)

~—_slab_L ovlp

AWG_IO
= ‘ ‘ —

arml_ta p_ ‘

HREnE
j I Iﬂ;pbabend

bend_taper{’ |

Figure C.2: The AWG with parameters
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#include "cnm_library_04_MaskLayout.spt";

Once we have prepared the foundry library, we will include the library files nec-
essary to design and draw the AWG. First, we add the two library folders (1ib
folder with the generic files and foundry folder with the specific files) to the path.
Then we include the Orthogonal and Smit AWG libraries that are implemented in
CNM.

[/ mmmm e

// MY INCLUDES

sys::include("~/AWGlib/1ib/");

sys::include ("~ /AWGlib/cnm/") ;

#include "1ibBB-CNM-AWG-ORTHOGONAL.spt"; // ORTHOGONAL AWG

#include "1ibBB-CNM-AWG-SMIT.spt"; // SMIT AWG

At this point, we are ready to specify the AWG high level parameters and draw
the AWG layout.

C.2.2 Creating the AWG

Once we have loaded the foundry PDK and the AWG module, it is necessary to
create the “void” AWG that we will modify specifying the required parameters.
The instruction to create an Orthogonal AWG will be:

upv_AWG_CNM_ORTHOGONAL() awg_orthogonal;

where awg_orthogonal will be our “void” Orthogonal AWG. In the case of the
Smit AWG, the procedure is the same but calling the Smit building block:

upv_AWG_CNM_SMIT() awg_smit;

For simplicity, the next instructions about specifying the AWG attributes will be
explained for the orthogonal case, since all that attributes and functions are shared
between both layouts.

C.2.3 Specifying data export options

The AWG physical parameters that are calculated internally from the high level
requirements (incremental length, focal distance...) will be exported to make easier
the later simulation. For this reason, it is necessary to specify the AWG name and
the different folders where this parameters will be saved. The set of functions to
provide the export options are the next ones:

string simulationpath = "~/AWGlib/cnm/";

string projectname_orthogonal = "CNM_AWG_ORTHOGONAL_TEST";
awg_orthogonal.setFNAMEPREFIX(simulationpath+projectname_orthogonal);

awg_orthogonal.setEXPORTARMS (1) ;
awg_orthogonal.setEXPORTOCTAVEWVG(1) ;

The first two string definitions will define the simulation path and the name for
the generated files. The AWG functions to set these parameters are the next three,
being summarised in the table below:



102

C.2. Drawing an AWG

awg.set FNAMEPREFIX (string)

Set the AWG name and path

awg.set EXPORTARMS (int)

0: Do not export arm lengths to file
1: Export lengths

awg.set EXPORTOCTAVEW VG (int)

0: Do not export parameters for simulation

1: Export parameters

C.2.4 Specifying the technology and waveguide parameters

The next step is to specify the technology file that we will use for the AWG and the
waveguide parameters (width, radius, polarization...) that we require. The next
code provides an example of how to use the different AWG functions to provide
the data:

string foundry_file = "“/AWGlib/cnm/cnm_technology.txt";
awg_orthogonal.setFOUNDRY_FILE(foundry_file);
awg_orthogonal.setDOUBLE_ETCHED(1) ;
awg_orthogonal.setFOUNDRY ("CNM") ;
awg_orthogonal.setARM_Straight("de" ,0,1.0,0);
awg_orthogonal.setARM_Bend ("de" ,50.0,1.0,0) ;
awg_orthogonal.setARM_SC_Taper("sh" ,0,1.5,0);
awg_orthogonal.setSlabCoupler("SLAB",0,0,0);
awg_orthogonal.setAWG_IO("sh",0,1.5,0);

The used functions are explained in the table below:

C.2.5 Specifying design parameters

When the technology, the layout and the waveguides are chosen, it is only necessary
to specify the parameters that govern the AWG generation. An example of this
parameters is provided, and also a table to list each parameter and its function.

int No_orthogonal = 5;
double wvlO_orthogonal = 1550e-9;
double Awvl_c_orthogonal = 1e-9;

double Av_c_orthogonal =
wvl0O_orthogonal;

Awvl_c_orthogonal*physics::c/wv1l0_orthogonal/

double Av_FSR_orthogonal = 3*No_orthogonal*Av_c_orthogonal;
double Av_bw_orthogonal = 0.5%Av_c_orthogonal;

double fO_orthogonal = physics::c / wvlO_orthogonal;

double p_arm_dw_orthogonal = 2.6e-6;

double p_arm_tap_L_orthogonal = 40e-6;

double p_arm_Lv_O_orthogonal = 11e-6;

double p_arm_R_ref_orthogonal = 100.0e-6;

double p_Lu_orthogonal= 0.5;

double p_AAF_orthogonal = 0.99;

double p_fO_orthogonal = fO_orthogonal;

int p_No_orthogonal = No_orthogonal;

int p_Nch_in_orthogonal = No_orthogonal;

int p_Nch_out_orthogonal = No_orthogonal;
double p_Av_c_orthogonal = Av_c_orthogonal;
double p_Av_FSR_orthogonal = Av_FSR_orthogonal;
double p_Av_bw_orthogonal = Av_bw_orthogonal;
double p_slab_d_IO_orthogonal = 1000.0;
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awg.set FOUNDRY _FILE(string foundry_file) | Set the path to the foundry file
awg. DOUBLE_ETCHED (int etching) 0: Use a single-etched slab coupler
1: Use a double-etched slab coupler

awg. FOUNDRY (string foundry) Specify the foundry name

awg. ARM_Straight( Define the waveguide used in the straight section
string type, “de” for deep and “sh” for shallow waveguides
double radius, Bending radius in microns
double width, Waveguide width in microns
int pol) Design polarization (0: TE, 1: TM)

awg. ARM_Bend( Define the waveguide used in the bent section
string type, “de” for deep and “sh” for shallow waveguides
double radius, Bending radius in microns
double width, Waveguide width in microns
int pol) Design polarization (0: TE, 1: TM)

awg. ARM_SC_Taper( Define the waveguide in the slab/AW interface
string type, “de” for deep and “sh” for shallow waveguides
double radius, Bending radius in microns
double width, Waveguide width in microns
int pol) Design polarization (0: TE, 1: TM)

awg.SlabCoupler( Define the slab coupler
string type, “SLAB” typically for the slab coupler
double radius, Bending radius in microns
double width, Waveguide width in microns
int pol) Design polarization (0: TE, 1: TM)

awg. AWG_IO( Define the waveguide in the IO0/slab interface
string type, “de” for deep and “sh” for shallow waveguides
double radius, Bending radius in microns
double width, Waveguide width in microns
int pol) Design polarization (0: TE, 1: TM)

int p_arm_Ndummy_orthogonal = 3;

double p_slab_L_ovlp_orthogonal = 0.1;
int type_orthogonal = 0;

double p_tap_ba_bend_orthogonal = 3.0;
double p_bend_taper_orthogonal = 4.3;

C.2.6 Calling the constructor, designing and drawing

The final step is to call the constructor function specifying the aforementioned
parameters, execute the design function and draw the AWG in the preferred place.
The necessary sentences to execute that, are the next ones:

awg_orthogonal.constructor (p_arm_dw_orthogonal ,p_arm_tap_L_orthogonal,
p_arm_Lv_O_orthogonal ,p_arm_R_ref_orthogonal ,p_Lu_orthogonal,
P_AAF _orthogonal ,p_fO_orthogonal ,p_No_orthogonal,
p_Nch_in_orthogonal ,p_Nch_out_orthogonal ,p_Av_c_orthogonal,
p_Av_FSR_orthogonal ,p_Av_bw_orthogonal ,p_slab_d_IO_orthogonal,
p_arm_Ndummy_orthogonal ,p_slab_L_ovlp_orthogonal ,type_orthogonal,
p_tap_ba_bend_orthogonal ,p_bend_taper_orthogonal);

awg_orthogonal.design();

var awg_design_orthogonal = awg_orthogonal.lyt(cin -> [500,500,90]: );

With the constructor function, we provide the AWG with all the necessary high
level parameters to obtain the desired AWG. The design function will execute
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Name Function Range Units  Type
No Number of design 10 >0 int
Nch_in Number of physical inputs >0 int
Nch_out Number of physical outputs >0 int
wvl0 Central wavelength 0.6,1.6] pm double
o Central frequency 187.5,500] THz double
Awvl_c Channel spacing (wavelength) >0 m double
Av_c Channel spacing (frequency) >0 Hz double
Av_FSR Free spectral range >0 Hz double
Av_bw Channel bandwidth >0 Hz double
arm_dw Arm distance between centers >0 m double
arm_tap_L Taper length >0 m double
Lv_0 Shortest arm length (unused) >0 m double
arm_R_ref Reference radius (unused) >0 m double
Lu Non-uniformity level (unused) >0 double
AAF Array Acceptance Factor [0,1] double
slab_d_1O Distance between input/output slab >0 pm double
arm_Ndummy  Number of dummy arms in the slab >0 double
slab_L_ovlp Overlap between waveguides and slab > 0 pm double
type Slab type (unused) 0 int
tap_ba_bend Straight section before/after bends >0 pm double
bend_taper Taper length before/after bends >0 pm double

the necessary calculations to obtain the different physical parameters. Finally, the
1yt function will place the AWG layout in the specified place (in the case of the
example in the position [500,500] and rotated 90 degrees).

C.3 Simulating the AWG in Matlab

This section explains how to simulate the designed AWG with the provided Matlab
simulator.

C.3.1 Simulator files

The AWG simulator is located in the simulator folder. It is composed by four
files:

e data from sql.m: Obtains the data from the sql library
e read_technology.m: Obtains the data from the technology file
e diffr.m: Calculates the Fresnel diffraction integral

e simulator.m: Main file of the simulator

C.3.2 Optodesigner AWG output files

This simulator makes use of the OptoDesigner AWG output files, that are listed
below:
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e XXXX_ARMS : File containing the arms physical length
e XXXX_PARAMS.m : File containing the AWG high level parameters
e XXXX_wvgARM Bend.m : File containing the bent waveguides

e XXXX_wvgARM SC_Taper.m : File containing the slab/AW interface wavegui-
des

o XXXX_wvgARM Straight.m: File containing the straight waveguides
e XXXX wvgAWG_I0.m : File containing the input/output waveguides

e XXXX_wvgSlabCoupler.m: File containing the slab coupler

where XXXX is the AWG name given through the setFNAMEPREFIX function
(see Sec. C.2.3 for further details).

C.3.3 AWG simulator main file

There are some options that can be changed in the main simulator file. This is an
example of the parameters:

%% CHANGE HERE THE SIMULATION PARAMETERS!!!

% Select the AWG prefix to simulate
fileprefix=’CNM_AWG_REGULAR_TEST’;

% Select if simulate using the DB or the spline (0: DB, 1: spline)
select_inter = 1;

techfile = ’cnm_technology.txt’;

% Wavelength

wvls=1.54; % Wavelength start
wvle=1.56; % Wavelength end
wv1li=0.0001; % Wavelength increment

% Polarization
SIMPOL=0; % Polarization (O0:TE, 1:TM)

% Save data
save_fig = 0; % Save the figures (0O:no, 1:yes)

save_res = 0; % Save the results in a mat file (O:no, 1:yes)

% Applied arrayed waveguide profile

appl_profile = 0; % Applied a profile or use the typical Gaussian
(0:Gaussian, 1:Profile)

select_profile = 5; % Select the profile(l:rect, 2:triang, 3:
decaying exp, 4:trunc cos, 5:lorentzian, 6:ramp)

select_ampmode = 1; % Choose to cut the amplitudes or force the

value (0:cut amplitudes, 1: force amplitudes)

% Change the input/output positions
input_d = 0;
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output_d = 0;

% Losses

alfa_

dB_cm = 0; % Loss in dB/cm

% Spatial resolution

x0_f = -20e-6:0.1e-6:20e-6; % First simulation input

xaw_f = -150e-6:0.1e-6:150e-6; % First simulation array

Ax0 = 3; % Real simulation input range in terms of

Gaussian width
dx0 = 0.1e-6; % Real simulation input spacing
Axaw = 5; % Real simulation array range in terms of
Gaussian width

dxaw = 0.1e-6; % Real simulation array spacing

xos_Ax = 10e-6; % Real simulation output range

Axos = 0.1e-6; % Real simulation output spacing
fileprefix Name of the AWG
select_inter 0: Use the sql database

1: Use the technology file

techfile Technology file path (only if select_inter=1)
wvls Start wavelength in microns
wvle Final wavelength in microns
wvli Wavelength increment in microns
SIMPOL Simulation polarization (0: TE, 1: TM)
save_fig Save the figures (0: No, 1: Yes)
save_res Save the results in a mat file (0: No, 1: Yes)
appl_profile Apply a profile in the AW or use the Gaussian (0: Gaussian, 1: Apply profile)
select_profile 1: Rect, 2: Triang, 3: Decaying exp, 4: Trunc cos, 5: Lorentzian, 6: Ramp

select_ampmode | Cut profile amplitudes or force value (0: Cut amplitudes, 1: Force amplitudes)

input_d Change the input position

output_d Change the output position

alfa_dB_cm Introduce waveguide losses in dB/cm
x0_f Input spatial grid vector in meters
xaw_f Arrayed waveguide spatial grid vector in meters
Ax0 Input range in terms of Gaussian width
dx0 Input spacing in meters

Axaw Array range in terms of Gaussian width
dxaw Array spacing in meters

x0s_Ax Output range in meters

Axos Output spacing in meters

C.34
Finally,

Simulation output

it is only necessary to launch the file simulador.m in Matlab. The simu-

lation percentage will be shown as in Fig. C.3-(a). Once the simulation has ended,
a plot showing the AWG transfer function will be shown. It is possible to see an
example in Fig. C.3-(b).
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Command Window

Warning!!! Propagation loss set to O dB/cm!!!

Slab 1 diffraction + AW propagation + Slab 2 diffraction, wvl 28 percent done
5|

(2)

Transfer function at the output waveguides
T - - T

1.52 1.53 1.54 1.55 1.56 1.57 1.58
Wavelength (um)

(b)

Figure C.3: AWG simulation in Matlab: (a) progress in the terminal window and (b)
example of the result from one simulation.
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Appendix D
AWG channel cross-talk definition

Cross-talk of AWGs is mainly attributed to the phase and amplitude errors intro-
duced in the AWs [87]. These amplitude and/or phase fluctuations in the AW field
profile cause an imperfect focused beam profile at the output plane, modifying the
output spectrum profile and increasing the level of side-lobes. As a figure of merit
of this cross-talk, several definitions have been used in the literature. However,
the most common is the definition of what is called adjacent cross-talk. The ad-
jacent cross-talk is calculated in a clear window (typically 3 dB from the peak
maximum) as the highest transmission of one adjacent pass-band referenced to
the lowest transmission of the selected channel pass-band.

djacent cross-talk

Transmission [dB]

0 2 1
Alnm]

Figure D.1: Definition of the adjacent cross-talk. 3 dB clear window is represented in
green color.
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Appendix E

Optical frequency domain
reflectometry (OFDR)

The key part in the AWG is the incremental length introduced at the arrayed
waveguides. Thus, is extremely important to minimize the phase errors that will
be introduced by fabrication. As the response of the AWG that can be measured
with an optical spectrum analyzer is the convolution of the response of all the
blocks composing the AWG, it is not possible to isolate and measure the phase
errors introduced in the AWs. For this reason, the development of techniques to
measure the phase errors due to fabrication would be very useful.

DUT interferometer

Tunable A/D
laser PC ALpun converter

Coupler

PC ALggr

Reference interferometer

Figure E.1: Optical frequency domain reflectometry (OFDR) setup used for measure-
ments.

In the literature, it is possible to find several examples using Fourier transform
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spectroscopy and inserting the device with in an interferometer to measure the
amplitude and phase in each AW independently [43,108-110]. This technique is
called optical frequency domain reflectometry (OFDR).

For completeness, the OFDR technique is summarized here. The schematic
of the used OFDR setup is shown in Fig. E.1. In this setup, the light from a
tunable source goes to a first coupler and it is splitted to the upper interferometer
(DUT interferometer), where the device under test (DUT) will be inserted, and to
the lower interferometer (reference interferometer) that will be used to correct the
frequency errors of the tunable laser sweep. When measuring an AWG, the free
spectral range (FSR) can be expressed as F'SR = ¢/ (ngAl) where ¢ is the speed
of light in vacuum, n4 is the group index of the AWs and Al is the incremental
length between AWs. If the laser can sweep Avpag more than one FSR, then
ngAl > ¢/Avr as, obtaining an optical length resolution ¢/ Avr, 4s shorter than the
incremental length between AWs. Then, the fringes obtained from the interference
of the DUT and the reference arm can be used to extract the measurement of the
amplitude and phase in each AW independently. Later, the response of the two
interferometers is converted to the electronic domain using two photodetectors,
and then recorded in the computer using an analog to digital converter. Finally,
it is only necessary to perform an inverse Fourier transform to obtain the response
(amplitude and phase) in each AW independently.
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